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Traditional ceramic-based, conductive materials used under extreme conditions are
severely limited due to their conditional electrical conductivity and poor stability under
harsh circumstances. Advanced composite structures based on vertically aligned carbon
nanotubes (VACNTs) and high-temperature ceramics are expected to address this grand
challenge, in which ceramic serves as a shielding layer protecting the VACNTs from the
oxidation and erosive environment, while the VACNTs work as a conductor. However, it
is still a great challenge to fabricate VACNT/ceramic composite structures due to the
limited infiltration of ceramics inside the VACNT arrays. Hence developing a feasible
method to infiltrate ceramics into VACNT arrays is necessary. The following research
topics are covered in this dissertation including 1) Thermal CVD growth of ultralong
vertically aligned CNTs, 2) CVD growth of h-BN, silicon and gallium nitride thin films 3)
Infiltration of Si, GaN and BN into dense VACNT arrays, 4) Defect free coating of 2D
materials by sputtering and RTP, 5) Evaluation of thermal stability enhancement of the
CNT-ceramic composites.
Ultralong vertically aligned CNTs are fabricated using two different methods in this

study. The mechanism and kinetics of which are discussed and compared. In addition,
different level of infiltration was achieved via different CVD methods. As an example, in
laser-assisted CVD, ceramics were quickly deposited at the VACNT subsurfaces/surfaces,
resulting in noninfiltrated composite structures. Unlike laser-assisted CVD, thermal CVD
activated the precursors inside and outside the VACNTs simultaneously, which realized
uniform infiltrated VACNT/ceramic composite structures. Similar levels of infiltration
were achieved in the case of boron nitride and silicon, and anisotropic conducting behavior
exhibited by CNT-BN was discovered. The mechanism and kinetics of infiltration into
VACNT/ceramic composites, which we attributed to the different temperature distributions
and gas diffusion mechanism in VACNTs, were investigated. More importantly, the asfabricated composite structures exhibited excellent multifunctional properties, such as
excellent antioxidative ability (up to 1100 °C), high thermal stability (up to 1400 °C) and
good high-velocity hot gas erosion resistance. As an extension to the CNT coating
techniques, defect generation and removal of 2D materials via sputtering and RTP was
studied as well.
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1.1 Motivation
Conductive materials used under extreme conditions such as high-temperature
electrode applications require the materials to be thermally stable, chemically inert, and
electrically conductive and to possess a certain level of anticorrosive capability to highvelocity hot gases. Traditional materials for high-temperature electrodes mainly include
conducting ceramics (e.g., LaCrO3),[1] alumina-based ceramics,[2−4] zirconia-based
materials,5,6 and other oxides (e.g., magnesia[2,7] and titanium oxide[8,9]). Due to the
extreme properties required for the high-temperature electrode application, it is
exceptionally challenging, even impossible, for these single-compound electrode materials
to satisfy all of the requirements. For example, LaCrO3 as a solid oxide fuel cell electrode
generates a large amount of heat during operation,[10,11] which causes the operating
temperature to be significantly elevated. Most of the oxide ceramics are insulators and are
only conductive under certain conditions.[2] On the other hand, novel electrodes, such as
thin film electrode materials, have recently become popular.[12−16] They are, however,
not thermally stable when the operating temperature is higher than 1000 °C. Considering
the various limitations of these single-compound materials, combining two or more
materials with different physical and chemical properties to form an integrated structure,
such as metal/ceramic composite structures, may achieve the required functionalities, as
mentioned above.
Carbon-based ceramic composites are drawing much attention today due to their
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multifunctional properties, such as good electrical conductivity, strong mechanical
strength,[17,18] and good antioxidative ability (up to 650 °C).[18,19] Carbon nanotube
(CNT)/ceramic composites, in particular, have demonstrated excellent properties in many
aspects, especially good mechanical and excellent electrical properties.[20] To achieve
better electrical and thermal conductivities in CNT/ceramic composites, vertically aligned
carbon nanotube (VACNT)-based ceramic composites are preferable due to the
conductivity anisotropy of the VACNT conducting network along the axial direction.[21]
Common ceramics used in VACNT/ceramic composites include silicon carbide (SiC),[22]
graphite,[23] alumina,[24] mullite,[25] silicon (Si),[14,26] and various nitrides.[27,28]
However, the existing VACNT/ceramic composites have poor antioxidative capabilities,
making them unsuitable for high-temperature electrode applications. To address this issue,
ceramics are required to be uniformly and densely deposited both inside and outside the
VACNTs, forming infiltrated VACNT/ceramic composites, which can protect VACNT
arrays from oxidation, corrosion, and erosion under the extreme harsh circumstances.
However, achieving a uniform mixture of different phases remains a big challenge,
especially for bulk VACNTs due to their high aspect ratio.[20] As we know, the average
intertube distance in VACNT arrays (without any pretreatments) is less than 10 nm.[29] In
such high-density VACNT arrays, once a layer of ceramic thin film forms on the top
surface of the VACNTs, ceramics will stop growing inside the VACNTs due to the
blocking effect of the densely formed ceramic films. Several studies have demonstrated the
ability to successfully achieve CNT/ceramic composites through the incorporation of
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relatively low-density CNTs in ceramic matrices using sintering[30] or hot pressing
technique.[31] However, in these composites, CNTs were used as reinforcement dispersed
in a matrix instead of using their unique dimensionality and the desired properties (such as
electrical and mechanical anisotropies in VACNTs). Recently, it has been reported that
atomic layer deposition (ALD) is effective to obtain uniform infiltration of ceramics (Al2O3)
in O2-plasma-treated VACNT arrays.[32] Despite some progress made so far, the direct
infiltration of ceramics into dense VACNTs arrays without any pretreatments is still a big
challenge. We believe that chemical vapor infiltration via thermal chemical vapor
deposition (CVD) will allow simultaneous growth of ceramics from inside to outside of
VACNTs, resulting in the fabrication of highly uniform and dense VACNT/ceramic
composites.
To address the above challenges, we believe that chemical vapor infiltration via thermal
chemical vapor deposition (CVD) will allow simultaneous growth of ceramics from inside
to outside of VACNTs, resulting in the fabrication of highly uniform and dense
VACNT/ceramic composites.
In this dissertation, research efforts are focused on the development of the infiltration
and coating technology of several ceramic materials into dense CNT arrays. The following
research topic are covered: 1) Growth of ultralong VACNTs, 2) fast growth of silicon,
boron nitride thin films, 3) infiltration of silicon, gallium nitride, and boron nitride into
dense CNT arrays and 4) defect-free coating of Al2O3 on graphene and MoS2.

5

1.2 Dissertation Outline
This dissertation focuses on the development of techniques for the growth and
fabrication of ultralong vertically aligned CNT and various thin films, as well as the
infiltration of ceramics into CNT arrays and the defect generation and removal of 2D
materials. The whole dissertation is divided into seven chapters. Chapter 1 introduces the
motivation and outline of this dissertation. Chapter 2 reviews the backgrounds of the stateof-art CNT growth and Si/BN deposition and the existing challenges. Chapters 3 and 4
introduce the research work in the growth and characterization of CNT and various thin
films. In Chapter 3, efficient growth of BN is demonstrated using both CVT and CVD
method. Comparing to the plasma enhanced CVD method, the thermal CVD method not
only achieves high-efficiency growth of CNTs on various substrates but also achieves high
conformality for the infiltration into carbon nanotubes arrays for the CNT-ceramic
fabrication. In Chapter 4, the water assisted CVD (WACVD) and thermal CVD growth of
VACNTs on SiO2/Si wafers is demonstrated. The detailed setup of the home-built laserassisted CVD system and the growth mechanism are studied. VACNTs as long as 4 mm is
achieved. Comparing to the conventional CVD process, a much higher growth rate was
achieved by both of these two methods.

Chapters 5 and 6 present the research efforts in

the manipulation of materials. In Chapter 5, research efforts are focused on defect
generation and removal of graphene and MoS2 by magnetron sputtering and rapid thermal
annealing processing (RTP). The novel combination of sputtering and RTP method can
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achieve defect-free coating of protective layers on graphene and MoS2, providing a fast,
cost-effective method for protective coating, in contrast to ALD. Based on the research
work as shown in Chapters 3 and 4, detailed study of coating and infiltration of CNTs by
Si, GaN, and BN is demonstrated in Chapter 6. In order to achieve uniform infiltration and
conformal coating on the CNTs, research was focused on the thermal infiltration
mechanism and the growth kinetics of CVD. Excellent infiltration results were achieved
without using the most recognized PEALD/ALD method, providing a cost-effective, fast
alternative in uniform and conformal coating. Finally, Chapter 7 summarizes and concludes
the work of the dissertation.
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2.1 Introduction to the growth of carbon nanotubes
2.1.1

Existing growth methods for carbon nanotubes

Carbon nanotubes show superior mechanical,[1] electrical[2] and thermal
properties.[3] It was first discovered by Iijima, synthesized by arc discharge.[4]
Arc discharge method uses an electric arc created between two carbon electrodes in a
tube furnace.[4] The needle-like carbon tubes were discovered after the direct current
discharge through the electrodes. Transmission electron microscopy later revealed that
multi-walled carbon nanotubes were synthesized. Later, both multi-walled and singlewalled carbon nanotubes were obtained using the same method with different current
discharge and gas pressures set-ups.
Chemical vapor deposition method is currently the most popular technique to grow
CNTs. It was first introduced in 1993.[5,6] The CVD method uses either Fe, Co, or Ni as
a catalyst in the CNT growth. During the preheating process before the growth, catalyst
thin films wet into small nanodroplets and the diameters of the CNTs can be controlled by
the size of these nanodroplets. A substrate temperature above 700 °C is generally required,
for the nucleation of CNTs. Hydrocarbon gas such as acetylene, ethylene, ethanol or
methane is used as carbon feedstock. The nanotubes grow at the sites of the metal catalyst
via the VLS growth mechanism.[7] The CNTs can be either tip or bottom growth,
depending on the different adhesion level between the catalyst and the substrate.[8] The
pyrolysis growth of CNTs by CVD has become a flourishing area of research and can be
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an efficient route for high-throughput production of CNTs.
Ultralong vertically aligned CNTs are synthesized by various method. Water-assisted
CVD method was introduced by Hata,[9] utilizing water vapor in the gas feedstock. The
water vapor etches away the amorphous carbon covering the iron catalyst during the growth,
maintaining the reactivity of the CNT growth, yielding ultrahigh growth rate. In addition,
water vapor etches amorphous carbon in the CNT arrays, improving the purity of the grown
VACNTs. Another method introduced was using a three-temperature zone CVD
system.[10] Instead of using water vapor, a high-temperature zone in the upstream at
950 °C was used to pre-decompose ethylene, creating a supersaturation in the upstream,[10]
promoting the nucleation of CNTs at the reaction zone. This method does not have the high
purity feature as the water vapor method but is much easier to control.

2.2 Introduction to the growth of hexagonal boron nitride
2.2.1

Chemical vapor transport: Two-dimensional hexagonal boron nitride

Boron nitride is both isoelectronic and isostructural chemical compound to carbon. It
exists in both amorphous and crystalline forms. In its crystalline form, hexagonal boron
nitride recently caught the attention of researchers. The synthesis of 2D h-BN provides new
pathways for thin film electronics and other potential applications.[11] 2D h-BN resembles
graphene in structures, and because of these attributes, it has been used as an atomic smooth
substrate for graphene growth.[12]
2D boron nitride has been produced by either top-down (exfoliation) or bottom-up
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(deposition) approaches.[11] Exfoliated 2D h-BN although has very few defects, lacks
control of size and number of layers of 2D h-BN. An alternative way of synthesizing 2D
h-BN is chemical vapor transportation and PLD. Among these two methods, CVT has a
much higher degree of control in the layers and the size as well as grain size. Pyrolysis of
borazine (B3N3H6) has been a highly efficient way of growing 2D h-BN.[11] Copper was
used as both substrate and catalyst during the growth. Using this CVT method, the layer
numbers, grain size can be precisely controlled, and the 2D h-BN film can be almost defectfree in an LPCVD system.
2.2.2

Chemical vapor deposition: hexagonal boron nitride thin films

The nucleation method used in the synthesis of 2D h-BN is highly limited by the
transportation of borazine in the tube furnace. In addition, the low diffusivity of the
borazine is affecting the growth as well. These limits the growth of h-BN at the 2D level.
To obtain thicker BN thin films, CVD method must be used. Boron halogen compounds
(BF3, BCl3, BBr3) and ammonia are used as gas feedstock. Typical growth temperature is
over 1000 °C. Hence PECVD is usually the preferred way for BN growth.[14] However,
thermal CVD system provides better flux control, hence yielding better uniformity of the
film and in terms of coating quality, conformality is much better improved, comparing to
PECVDs.
2.2.3

Synthesis of cubic boron nitride

Unlike h-BN, cubic boron nitride (c-BN) is sp3-bonded and is physically and
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structurally similar to diamond structure.[15] c-BN is of great interest because of its
extradinary properties, such as extremely high thermal conductivity, hardness and thermal
stability. Hence it is the ideal material for protective coating. However, c-BN requires
extremely high temperature if synthesized by thermal CVD. It was first successfully
synthesized by the high-pressure, high-temperature (HPHT) method,[16] while low
pressure growth was attempted without success. Popular ways of synthesizing c-BN
includes plasma jet CVD,[16] plasma enhanced CVD,[17] and various PVD
methods.[18,19] Although it is much more stable than h-BN, the limited synthesizing
methods are all energetic flux driven, which is extremely hard to achieve conformal coating
and infiltration.

2.3 Introduction to the defect engineering of 2D materials
Two-dimensional (2D) materials, especially graphene and transition metal
dichalcogenide (TMD) semiconductors (such as molybdenum disulfide (MoS2)), have
attracted significant research and industrial interest due to their outstanding electronic and
optical properties and wide potential applications for the next-generation of flexible fieldeffect transistors,[20,21] integrated logic circuits,[22] photodetectors and photovoltaic
devices,[23-26] energy storage,[27,28] and sensors.[29,30] It has been well documented
that defects significantly influence properties in 2D materials.[31-36] Therefore, the
controlled introduction of defects into these materials could tailor their optical, electrical,
catalytic, and even magnetic properties.[37-41] Examples include the local enhancement

17

of optical excitations at graphene edges,[42] generation of tunable magnetic phases in
graphene with vacancies,[43,44] a strong enhancement photoluminescence from MoS2
through defect engineering and oxygen bonding,[40] and the significant improvement in
hydrogen evolution activity in MoS2 through oxygen plasma exposure and annealing in
hydrogen.[46]
Compared to the conventional approach, in which defects are unintentionally created
during 2D material growth,[47] defect engineering through post-synthesis or direct
modification offers better controllability over defect levels and types. To date, significant
effort has been devoted to the modification of 2D materials through defect creation,
including ion/electron beam irradiation,[48-56] plasma treatments,[27,57,58], UV light
illumination,[59,60] and the sputtering of insulating layers.[61] Compared with the
ion/electron beam and UV light irradiation, the controllability of defects in 2D materials
by sputtering so far has not been extensively studied.
On the other hand, many methods have been developed to remove or heal the defects
in 2D materials, which includes vapor phase treatment,[62] electrochemical deposition,[63]
and thermal annealing.[64,65] Although vapor phase treatment and electrochemical
deposition enabled the improvement of the electrical conductivity and mechanical
properties, the defects in 2D materials could not be recovered. Thermal annealing is a
promising approach for removing defects and restoring 2D lattice structures. Guo and Zion
et al. reported restoration of defects in graphene introduced by N+ (or C+) ion irradiation
after annealing in nitrogen gas (N2) (or vacuum).[66] However, an ultrahigh annealing
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temperature of 1000-1100 °C is required for defect repair; and full restoration of graphene
structure is very difficult, where the maximal content restoration of defects relating to ID/IG
can only be reduced to a minimum ~ 0.32 (from ~ 3.38 for irradiated sample). In addition,
Ni et al. reported recovery of process-induced defects in graphene by annealing in air.
However, a number of defects remained after annealing at 500 °C and the thin graphene
was oxidized after annealing at 600 °C.[67] Recently, Imamura et al. realized restoration
of UV-induced defects in graphene by annealing in vacuum at 160 °C.[64] Most of the
studies mentioned above were focused on the defect engineering in graphene, other 2D
materials, however, have not been fully explored.[68] Consequently, it is of high research
interest to explore and develop a more efficient, cost-effective approach to realizing
reversible defect engineering not only in graphene but also in other 2D materials, such as
TMDs.

2.4 Introduction to the thermal stability enhancement methods for carbon nanotubes
Carbon-based ceramic composites are drawing much attention today due to their
multifunctional properties, such as good electrical conductivity, strong mechanical
strength,[64,65] and good antioxidative ability (up to 650 °C).[70,71] Carbon nanotube
(CNT)/ceramic composites, in particular, have demonstrated excellent properties in many
aspects, especially good mechanical and excellent electrical properties.[72] To achieve
better electrical and thermal conductivities in CNT/ceramic composites, vertically aligned
carbon nanotube (VACNT)-based ceramic composites are preferable due to the
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conductivity anisotropy of the VACNT conducting network along the axial direction.[73]
Common ceramics used in VACNT/ceramic composites include silicon carbide (SiC),[74]
graphite,[75] alumina,[76] mullite,[77] silicon (Si),[68,78] and various nitrides.[79,80]
However, the existing VACNT/ceramic composites have poor antioxidative capabilities,
making them unsuitable for high-temperature electrode applications. To address this issue,
ceramics are required to be uniformly and densely deposited both inside and outside the
VACNTs, forming infiltrated VACNT/ceramic composites, which can protect VACNT
arrays from oxidation, corrosion, and erosion under the extreme harsh circumstances.
However, achieving a uniform mixture of different phases remains a big challenge,
especially for bulk VACNTs due to their high aspect ratio.[81] As we know, the average
intertube distance in VACNT arrays (without any pretreatments) is less than 10 nm.[82] In
such high-density VACNT arrays, once a layer of ceramic thin film forms on the top
surface of the VACNTs, ceramics will stop growing inside the VACNTs due to the
blocking effect of the densely formed ceramic films. Several studies have demonstrated the
ability to successfully achieve CNT/ceramic composites through the incorporation of
relatively low-density CNTs in ceramic matrices using sintering[83] or hot pressing
technique.[84] However, in these composites, CNTs were used as reinforcement dispersed
in a matrix instead of using their unique dimensionality and the desired properties (such as
electrical and mechanical anisotropies in VACNTs). Recently, it has been reported that
atomic layer deposition (ALD) is effective to obtain uniform infiltration of ceramics (Al2O3)
in O2-plasma-treated VACNT arrays.[71] Despite some progress made so far, the direct
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infiltration of ceramics into dense VACNTs arrays without any pretreatments is still a big
challenge. We believe that chemical vapor infiltration via thermal chemical vapor
deposition (CVD) will allow simultaneous growth of ceramics from inside to outside of
VACNTs, resulting in the fabrication of highly uniform and dense VACNT/ceramic
composites.
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3.1 Introduction
As a thermally and chemically resistant refractory compound of boron (B) and nitrogen
(N), boron nitride (BN) came to our attention. It exists in various crystalline forms that are
isoelectronic to a similarly structured carbon lattice.[1] Among those forms, hexagonal
boron nitride (h-BN) demonstrates excellent anticorrosion ability,[2] thermal stability,[3]
and, as a wide-bandgap semiconductor material, a decent dielectric property.[4] However,
the fabrication of VACNT-BN remains a huge challenge. As we know, the average intertube
distance in VACNT arrays is <10 nm, which greatly limits the infiltration of the majority
of materials into the VACNT array.[5,6] Although thermal chemical vapor deposition
(CVD)[6-8] and atomic layer deposition (ALD)[9] have been reported to be effective in
regard to the infiltration of materials into dense VACNT arrays, successful preparation of
VACNT-BN nanocomposites with electrical anisotropy has rarely been realized.
3.2 Experiments, results and discussion
3.2.1

Chemical vapor deposition of 2D boron nitride

Growth of BN on high-quality copper foils
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Figure 3.1 (a) A picture showing an installed thermal CVD system for BN growth. (b)
Precursor of ammonia borane being heated during experiment. (c) Cu foils as
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catalysts located at the center of the furnace for BN growth. (d) h-BN film grown on
Cu substrate where the bright area is copper, and the darker region is h-BN film. (e)
Magnified h-BN region. (f) Raman spectrum of h-BN grown on Cu foil.
As illustrated in Figure 3.1a, h-BN was grown on polycrystalline Cu foils via a lowpressure chemical vapor deposition (LPCVD) method by using ammonia borane (BH3NH3) as a precursor. Cu foils act as substrates and catalysts at the same time. The precursor
of BH3-NH3 was put into a small ceramic boat (Figure 3.1b) and kept around 30 cm away
from the main heating zone where the Cu substrates were placed (Figure 3.1c). A heating
stage was then put under the precursor to aid the sublimation of BH3-NH3 at a precursor
evaporation temperature (Tp) range of 65 ~ 120 °C, depending on the evaporation rate we
need. BH3-NH3 was sublimated and decomposed into (BH2NH2)n, (BHNH)3 and H2, which
were further pyrolyzed into B-/N-containing intermediate species inside the main heating
zone of the furnace. The standard growth process flow is shown in Figure 3.2. The furnace
was heated to 1000 °C in 50 min and the Cu foils were annealed during this time in
hydrogen and argon condition with flow rates of 20 and 200 sccm, respectively. Then the
hydrogen flow and argon flow was reduced to 10 sccm and 100 sccm and the precursor
was heated to 100 °C by a heating plate. h-BN growth started at this point and lasted for 40
min. When the growth was finished, the hydrogen flow was stopped, and the furnace was
allowed to cool down to room temperature naturally.
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Figure 3.2 Process flow chart of BN growth via Low pressure chamical vapor
deposition.
The typical h-BN film grown on Cu foil substrates is shown in Figures 3.1d and 3.1e,
where a large area of h-BN films (dark area) was found across multiple samples. The
coverage of the h-BN film grown is very good and the quality of the film across each Cu
foil is very similar. Raman spectra measured from these structures show a noticeable E2g
peak at ~ 1367 cm-1 originated form B-N, indicating that these structures are highly
possible to be h-BN. By analyzing the Raman spectra, full width half maximum (FWHM)
of the E2g peak was found to be around 24 cm-1, which indicates the quality of h-BN
samples are relatively low. Typical h-BN films with high quality are reported to have
FWHM less than 6 cm-1. As reported by other researchers, Raman spectroscopy is not
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regarded as the mainstream method for characterizing h-BN since its Raman activity (or
Raman signal) is usually very weak and can be easily covered by signals from other strong
functional groups such as carbon. Thus, XPS and EELS investigations will be further
conducted for more accurate BN structure and component identification.
As illustrated in Figure 3.3a, h-BN was grown on polycrystalline Cu foils via a lowpressure chemical vapor deposition (LPCVD) method using ammonia borane (BH3-NH3)
as a precursor. Cu foils act as substrates and catalysts at the same time. The precursor, BH3NH3, was put into a small ceramic boat and was kept around 30 cm away from the main
heating zone where the Cu substrates were placed. A heating stage was then put under the
precursor to aid the sublimation of BH3-NH3 at a precursor evaporation temperature (Tp)
range of 65 ~ 120 °C, depending on the evaporation rate we need. BH3-NH3 was sublimated
and decomposed into (BH2NH2) n, (BHNH)3 and H2, which were further pyrolyzed into B/N-containing intermediate species inside the main heating zone of the furnace. The asgrown h-BN film is hard to observe on Cu being transparent (Figures 3.3b, 3.3d), and is
not sensitive to Raman spectroscopy (although relatively weak Raman signals can still be
obtained, as shown in Figure 3.3f), For better visualization of h-BN film distribution on
the copper substrate, we put the sample at 200 °C in air for 2 min in order to oxidize the
copper substrate, while h-BN covered area will not be oxidized due to BN’s good oxidation
resistance (Figure 3.3c). Better contrast was gained after this process, as shown in Figure
3.3e. The uncovered copper substrate within the darkened area turned into cuprous oxide
(Cu2O), while h-BN covered area remains the original color of the copper. Raman spectrum
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of the darkened area is shown in Figure 3.3g. When the oxidation period was extended
from 2 to 5 min, the darkened area turned into full black, indicating the formation of cupric
oxide (CuO).

Figure 3.3 (a) A picture showing an installed LPCVD system for BN growth. (b,c)
Photographs and (d,e) optical microscopy images of the grown h-BN film on Cu foil
(b,d) before and (c,e) after being heated at 200 °C in air for 2 min. (f,g) Raman spectra
of (f) the h-BN grown on Cu foil and (g) the oxidized Cu foil.
The effects of the amount of the precursor and the distance of the sample substrate
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from the precursor were investigated. Figures 3.4a-c show the h-BN samples grown on
copper foils with 10, 20, and 40 mg ammonia borane, respectively. For a sample with 10
mg ammonia borane (Figure 3.4a), the h-BN film is relatively thin, and some cracks can
be seen as signs of areas with the thicker h-BN film. More cracks can be seen in Figure
3.4b, with the amount of precursor doubled, which indicates thicker h-BN film was
obtained. With the quadrupled amount of precursor, significantly more cracks can be
observed on the substrate surface (Figure 3.4c). Figure 3.4d illustrates the experiment that
was carried out to investigate the effect of samples position in the furnace. The gas flow
direction is from left to right, and three groups of the same copper substrates C1, C2 and
C3 are placed as shown in Figure 3.4d, with C1 the closest to the precursor, C2 and C3
further away from the precursor. Figures 3.4e-g show the optical images of a typical sample
surface of C1, C2, and C3, respectively. A large area of h-BN films was found across
multiple samples. The coverage of the h-BN film grown is very good and the quality of the
film across each Cu foil in each group of samples is very similar, but the surface
smoothness is sacrificed when the film is thicker. The following samples we used are all
produced with 40 mg of BH3-NH3 precursor (typical sample shown in Figure 3.4c) since
the thickness is significantly larger and is more ideal for our project’s goal in terms of
isolating CNTs from air.
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Figure 3.4 The effects of precursor and substrate-precursor distance on BN growth.
(a-c) Optical images of the h-BN film grown on Cu foils with different masses of
ammonia borane precursor (a) 10 mg, (b) 20 mg and (c) 40 mg. (d) A picture showing
the as-grown BN film products with different precursor-substrate distances. (e-g)
Optical images of the BN film on Cu after 1 h growth at (e) region C1, (f) region C2,
and (g) region C3 as shown in (d).
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Figure 3.5 Characterization. (a-d) Transfer of as-grown BN film to SiO2/Si substrate:
(a) BN film grown on Cu foil, (b) Cu foil is etched using FeCl3 solution and transferred
into a clean distilled water solution (inset: magnified image for floating BN film), (c)
BN film transferred onto a SiO2/Si substrate, and (d) the corresponding optical image.
(e) XPS survey scan spectra of BN film on Cu foil (top) and on SiO2/Si substrate. (f)
Raman spectra of BN film on Cu foil (top) and on SiO2/Si substrate. (g) AFM images
of BN film transferred onto SiO2/Si substrate, below which is the corresponding
height profile.
The h-BN film on copper substrate is not ideal for characterization as the copper
surface is rough and introduces large amount of background noises when the sample is
measured by Raman spectroscopy. To improve the characterization process, we transferred
the h-BN film on to SiO2/Si substrate (300 nm thermal oxides) by standard transferring
procedure. First, the copper substrate was etched away by floating the sample on saturated
FeCl3 solution. A floating freestanding h-BN film was obtained after the copper substrate
was etched completely. After that, the floating thin film was transferred into a clean
distilled (DI) water for rinsing (Figure 3.5b). At last, the floating film was transferred onto
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SiO2/Si substrate and dried naturally in air (Figure 3.5c). Optical image of the transferred
h-BN film is shown in Figure 3.5d, where the cracks can be observed as they were carried
over from the copper substrate. Since Raman spectra of h-BN can only provide limited
knowledge of our grown samples, X-ray photoelectron spectroscopy (XPS) measurement
was carried out for the sample before and after being transferred, as shown in Figure 3.5e.
Strong B(1s) and N(1s) peaks can be observed both before and after transfer, indicating BN bonding structure’s existence, which only exists in h-BN. Carbon and oxygen are
expected to exist as impurities. A relatively weak peak of Cu2O can be seen before the
transfer as a sign of the copper substrate. By comparing the Raman spectra (Figure 3.5f),
we observed ~ 12 cm-1 red shift in E2g peak position when h-BN film was transferred onto
SiO2/Si substrate, while no other significant change can be found after the transfer process.
AFM measurement (Figure 3.5g) shows an average film thickness of ~ 60 nm and surface
roughness of less than 10 nm for the transferred h-BN sample, which is still considered to
be thin compared to the scale of our VACNT samples.
3.2.2

Chemical vapor deposition of thick boron nitride films

In this section, a single heat zone thermal CVD system was built for thick BN growth
(Figure 3.6). This system consisted of two mass flow controllers (MFCs) for precise control
of the flow rate of boron trifluoride (BF3) and ammonia (NH3). Nitrogen was also
connected for purging the system. In addition, the heating zone of the CVD system can be
shifted along the tube, which gives us more space for fine tuning the growth parameters.
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As can be seen in Figures 3.6a and 3.6b, three gases were originally fed through three
paths and then combined into one path before entering the heating zone. However, during
our initial testing, we found that BF3 and NH3 reacted rapidly at the intersection where they
are combined into one tubing. A massive amount of white powder was formed inside the
tubing and blocked the whole gas-feeding pathway (Figure 3.6c). This white powder was
a combination of complexes, mainly ammonia boron trifluoride (NH3BF3). We found that
these complexes decomposed rapidly at temperatures over 250 °C. Therefore, the system
was modified to prevent BF3 and NH3 from forming NH3BF3 before they entered the
heating zone. As can be seen in Figures 3.6d and 3.6e, gas-feeding pathways were modified
into three independent lines entering the heating zone. The gas releasing point was ~ 1 cm
away from the edge of the heating zone. We measured the temperature at the end of the gas
tube (Figure 3.6e bottom) by a type K portable thermal coupler. When the heating zone
was at 1100 °C, the temperature at the gas releasing point was over 300 °C, which ensured
that BF3 and NH3 did not form the white powder complex.
The general procedure for BN growth was as follows. First, we placed substrates inside
a quartz boat and put the boat in the middle of the heating zone. After loading the sample,
the chamber was flushed with a high flow of nitrogen to remove water vapor and air. During
the flushing, the pressure of the chamber was maintained at 10 Torr for 20 min. After the
flushing process, the nitrogen flow was immediately stopped; and the NH3 gas with a flow
rate of 100 sccm was subsequently introduced. After the flow of NH3 was steady, we started
the heating from room temperature to a growth temperature of 1100 °C, with a ramp rate
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of 18 K/min. During the heating process, the pressure of the chamber raised slightly and
was eventually stable at ~ 2.6 Torr. When the temperature of the heating zone was stable at
1100 °C, the BF3 gas with a flow rate of 75 sccm was introduced. Once the reaction started,
the pressure dropped to ~ 1.88 Torr. The flows of BF3 and NH3 were cut off after 180 min
of reaction; meanwhile, the heating was stopped. Nitrogen was fed into the chamber
immediately after the reaction for purging, which allowed the chamber to cool down to
room temperature naturally.

Figure 3.6 (a) Schematic illustration and (b) photo of the original thermal CVD system.
(c) Blocked gas tubing due to the formation of NH3BF3 powder reacted by BF3 and
NH3 at room temperature. (d) Schematic illustration and (e) photos of the modified
CVD system.
During the fine-tuning of the parameters, various substrates (quartz, sapphire, SiO2/Si,
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VACNTs) were used. For the growth of high-quality, thick BN films, various growth
conditions were investigated, including the flow rates of BF3 and NH3, growth temperature,
and deposition time (Table 3.1). These results are compared in the following sections.
Table 3.1 A list of optimized CVD parameters for growing thick BN film.

Growth of thick BN films using the thermal CVD method
Growth temperature and deposition time played an important role in the thick BN film
growth. Three batches of BN films were grown on SiO2/Si (300 nm oxides) substrates
under different conditions, where the temperature ranged from 1000 to 1080 °C. The flow
rates of BF3 and NH3 were kept at 100 and 75 sccm, respectively; and the reaction time
was 30 min. As can be seen in Figures 3.7a, 3.7d, and 3.7g, uniform BN thin films were
obtained across the substrate under different growth conditions. When the growth
temperature was 1000 °C, BN film with a thickness of ~8 nm was grown within 30 min
(Figures 3.7a-3.7c), indicating a growth rate of ~ 16 nm/h. When the growth temperature
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was increased to 1060 °C, a BN film of ~ 50 nm was obtained within 30 min, corresponding
to a growth rate of ~ 100 nm/h (Figures 3.7d-3.7f). However, 100-nm-thick BN films were
still too thin for VACNT-BN composite fabrication. To obtain a micro-level thick BN film,
we further increased the growth temperature up to ~ 1080 °C and extended the growth time
up to 180 min (Figures 3.7g-i). Surprisingly, a BN film with a thickness of ~ 2.3 μm was
successfully obtained, corresponding to a growth rate of ~ 800 nm/h. It indicated that the
higher the temperature, the faster the growth rate. As a result, the growth temperatures
above 1080 °C could be used for the VACNT-BN composite production.
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Figure 3.7 Thickness characterization of as-grown BN films on SiO2/Si under
different conditions. (a) Optical image, (b) AFM topography, and (c) thickness profile
measured for the BN film grown at 1000 °C for 30 min. (d) Optical image, (e) AFM
topography, and (f) thickness profile measured for the BN film grown at 1060 °C for
30 min. (g) Optical image, (h) AFM topography, and (i) thickness profiles measured
for the BN film grown at 1080 °C for 180 min.
The top-view scanning electron microscopy (SEM) images of BN films grown at
1060 °C and 1080 °C are shown in Figures 3.8a and 3.8b, respectively. From the optical
point of view, both BN films have smooth, uniform surfaces, while large BN particles can
be seen on the surfaces of BN films through the enlarged SEM images. It can be seen that
particle sizes for the 1080 °C grown BN sample are significantly larger than those of the
sample grown at 1060 °C. Energy dispersive X-ray spectra (EDS), shown in Figure 3.8c
and 3.8d, confirmed that the as-grown samples were BN, as evidenced by the presence of
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strong peaks of boron (B) and nitrogen (N) with a B/N ratio of ~ 1:1 in both samples. The
oxygen (O) peak detected at ~ 0.525 KeV was from SiO2/Si substrates. It can be seen that
the peak intensity of oxygen in the sample grown at 1060 °C is slightly stronger than that
in the sample grown at 1080 °C. This could be evidence of the film thickness difference
since the BN film grown at 1060 °C was thinner. Figures 3.8e and 3.8f compare the Raman
spectra of these two samples, both of which show evident Raman peaks of the E2g band at
~ 1367 cm-1, suggesting that h-BN was grown using the thermal CVD method. It was found
that the E2g band of the BN film grown at 1080 °C (Figure 3.8f) was much stronger and
sharper than the sample grown at 1060 °C (Figure 3.8e). These results indicate that high
growth temperature is beneficial for high-quality, thick BN growth.
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Figure 3.8 Morphology and composition analysis of the as-grown BN films. (a, b) Topview SEM images of (a) BN film grown at 1060 °C for 30 min and (b) BN film grown
at 1080 °C for 180 min. Inserts show the corresponding optical images. (c, d) EDS
spectra of the samples in (a) and (b), respectively. (e, f) Raman spectra of the samples
in (a) and (b), respectively.
High-temperature oxidation stability of the as-grown thick BN films
The thermal stability and high-temperature oxidation stability of thick BN film is
critical for fabricating high-performance VACNT-BN composite structures. Here, two thick
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BN samples that were grown at 1080 °C (with a thickness of ~ 2.3 μm) and 1100 °C (with
a thickness of ~ 12 μm) were chosen to determine their high-temperature oxidation stability.
The oxidation resistance tests were conducted in a rapid thermal processing (RTP) furnace
(MTI Corp. OTF 1200X) by heating the sample at 700, 900, 1000, and 1100 °C in air for
5 min at each temperature. To minimize oxidation during the heating and cooling process,
the temperature ramp rate was kept at 10 K/s. As can be seen in Figures 3.9a-3.9d, the thin
BN film grown at 1080 °C did not change in morphology until the oxidation temperature
reached 1000 °C. Large holes were found to have emerged in the originally smooth surface
after oxidization at 1000 °C. The thin BN film became further oxidized after oxidization at
1100 °C. Optical images in Figures 3.9e-3.9h further indicate the evident point of change
at 1000 °C for thin BN film with further thinning at 1100 °C. On the contrary, the thick BN
film grown at 1100 °C showed no obvious change in the top surface after these series of
oxidation (Figures 3.9a-3.9d, 3.9i-3.9l). A careful observation of Figure 3.9l shows that
there was a slow thinning around the edge of thick BN film during the oxidation process at
1100 °C. Overall, the thick BN film grown at 1100 °C demonstrated excellent antioxidative
ability.
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Figure 3.9 High-temperature oxidation stability of thick BN films. (a-d) Photos of 2.3μm-thick (left) and 12-μm-thick (right) BN films after oxidation at (a) 700, (b) 900, (c)
1000, and (d) 1100 °C for 5 min at each temperature. (e-h) Optical images of 2.3-μmthick BN film after oxidation treatment at (e) 700, (f) 900, (g) 1000, and (h) 1100 °C.
(i-l) Optical images of 12-μm-thick BN film after oxidation treatment at (i) 700, (j)
900, (k) 1000, and (l) 1100 °C.
Raman spectra were also collected after each oxidation process (Figure 3.10). As
shown in Figures 3.10a and 3.10c, both BN samples exhibited no evident change when the
oxidation temperature was increased, even after processing at 1000 and 1100 °C. We then
investigated the oxidation temperature dependence of peak position and full width at half
maximum (FWHM) of the E2g peak of h-BN. For the thick BN film grown at 1100 °C
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(Figure 3.10d), no obvious change was observed in either FWHM or the peak position,
indicating its high quality and high-temperature oxidation stability. For the thin BN film
grown at 1080 °C (Figure 3.10d), the peak position did not shift too much; but the FWHM
swung from ~ 30 to 60 cm-1 after 1000 °C treatment. This implies that the structure of the
thin BN film changed after high-temperature oxidation above 1000 °C.

Figure 3.10 Raman characterization of as-grown BN films after high-temperature
oxidation treatments. (a, c) Raman spectra of the (a) thin BN film grown at 1080 °C
and (c) thick BN film grown at 1100 °C after oxidation treatment at different
temperatures. (b, d) The peak position and FWHM of the E2g band for (b) thin BN
film and (d) thick BN film, extracted from the Raman spectra in (a) and (c),
respectively, as a function of oxidation temperature.
In addition, we measured the thickness of these two BN films after each oxidation
process using an optical surface profiler system (Zygo Corp.) in our lab. Figure 3.11a
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compares the thickness of two BN films as a function of oxidation temperature. For the
thin BN film grown at 1080 °C, the thickness did not change when the oxidation
temperature was below 900 °C but dipped significantly if the oxidation temperature was
increased to 1000 °C. On the contrary, the thick BN film grown at 1100 °C remained
unchanged even after oxidation processing at a high temperature of 1100 °C.
Although the 1100 °C grown BN film showed excellent oxidation resistance at 1100 °C,
the effect of oxidation time on the film thickness was still not known. Therefore, we tested
the high-temperature oxidation stability of 1100 °C grown BN film at 1100 °C in air for an
extended time (Figures 3.11b-3.11d). The original thickness of the BN film was ~ 11.8 μm
(Figure 3.11b). After being oxidized at 1100 °C for 5 min, the film thickness decreased
slightly to ~ 11.5 μm (Figure 3.11c). When the oxidization time was extended to 40 min,
the film thickness was decreased to ~ 8 μm, suggesting a slow oxidation rate at 1100 °C.
Interestingly, the oxidation only happened on the upper section of the layered BN, while
the bottom section of particle-like BN remained intact.
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Figure 3.11 (a) The thickness of BN film as a function of oxidation temperature. (b-d)
Cross-sectional SEM images of the thick BN film grown at 1100 °C (b) before
oxidation, and (c, d) after oxidation at 1100 °C for (c) a short time of 5 min and (d) a
long time of 40 min.
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3.2.3

Characterization of the as-grown boron nitride

Characterization of thick BN films grown on SiO2/Si substrate

Figure 3.12 Spectroscopic characterizations of BN film grown on SiO2/Si. Cross-
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sectional SEM image of (a) BN film on SiO2/Si substrate, (b) Top and (c) bottom region
of the BN film. (d) Optical image of the same area in (a). Polarized Raman of BN from
(e) top region and (f) bottom region. Polarized SHG mapping via CARS of the region
shown in (d), from (g) 0°, (h) 30°, (i) 60° and (j) 90°.
Thick BN film (~13 μm) was successfully fabricated on SiO2/Si substrate. It is
discovered that two different structures of BN were obtained during one growth. In order
to better understand the growth mechanism before applying BN onto VACNT arrays, crosssectional SEM images of a typical grown BN film were obtained, as shown in Figure 1. As
can be seen in Figure 3.12a, three different layers can be distinguished: from top to bottom,
layered BN, amorphous BN, and SiO2/Si substrate. Figure 3.12b shows a magnified SEM
image of the top region. Layered structure can be identified rather easily. However, as can
be seen in Figure 3.12c, which shows the magnified SEM image of the bottom region of
BN, no layered structure can be seen. This region consists of particle-like amorphous BN
structure. In order to confirm the visual difference of two different BN structures, Raman
spectra of different polarization and CARS SHG imaging are also carried out. Figure 3.12d3.12f show the polarized Raman spectra of two different BN layers. Note that both of them
demonstrate a period of 180°. However, their polarization properties are perpendicular to
each other. Figure 3.12g-3.12j show CARS SHG imaging of the cross-section of the BN
sample. These two regions have a different response to different polarizations. Although
not distinguishable at 0, as the polarization angle increases, the intensity of the top BN
region (layered BN) decreases rapidly, however, the intensity of the bottom region
(amorphous BN) increases, ends up to the result shown in figure 1j with a very high contrast
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of two different structures.

Figure 3.13 TEM and EELS characterization of BN grown on SiO2/Si. (a) Lowmagnification TEM of the cross-section of BN film. (b-d) High-resolution TEM
images from the designated areas in (a). (e) EELS of BN sample.
In order to confirm the crystal structure of these two different structures, a crosssectional TEM sample of ~25 nm was prepared via FIB, shown in Figure 3.13a. Figure
3.13b-3.13d show high-resolution TEM images of the squared area noted in Figure 3.13a.
As can be seen, the top BN layer shows a highly oriented layered structure, as h-BN. On
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the contrary, the bottom BN layer contains many different polycrystalline orientations,
which can be confirmed as amorphous BN. EELS spectrum shown in Figure 3.13e further
confirms B-N structure as well.
Growth and characterization of high-density VACNT-BN infiltrated composites
Table 3.2 Growth parameters of VACNTs and h-BN
Materials

VACNTs

h-BN
NH3 (100 sccm)

Precursor

C2H4 (50 sccm)
BF3 (75 sccm)

Growth temperature

750 °C

1100 °C

Chamber pressure

760 Torr

2.26 Torr

Growth time

3 hr

3 hr
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h-BN

311

220

004

100

002

Si substrate

VACNT-BN

h-BN

VACNTs

002

CNTs

20

25

30

35
40
45
2 Theta (degree)

50
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Figure 3.14 XRD spectra from top to bottom: VACNTs, h-BN, VACNT-BN.
After confirmation of different BN structures, we obtained during fabrication, we
move on to study the infiltration of BN into dense VACNT arrays. Standard growth
parameters are listed in Table 3.2. VACNT film with around 30 μm thick was prepared
prior to the BN growth. BN growth was carried out subsequently, obtaining VACNT-BN
film structures. XRD results for VACNTs, BN film and VACNT-BN are shown in Figure
3.14. As can be seen, for VACNTs, the crystal structure varies in the VACNT arrays, hence
the weak and wide CNT (002) feature. Both BN film and VACNT-BN show two main
features of (002) and (004), suggesting during the fabrication of VACNT-BN, the BN
coating obtained have a similar structure to the BN film grown on SiO2/Si substrate.
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Based on the above experimental results, we have successfully grown ultrathick BN films
on SiO2/Si by further increasing the growth temperature up to 1100 °C (Figure 3.15a).
Cross-sectional SEM was used to accurately characterize the thickness of the as-grown BN
films (Figure 3.15b). It is surprising that BN film with a thickness of ~ 12 μm was obtained
within a growth time of 180 min, corresponding to a fast growth rate of ~ 4 μm/h. More
interestingly, two different kinds of BN structures can be distinguished from the crosssection SEM. From top to bottom, there is a section of layered h-BN structure (Figures
3.15c and 3.15d) with a thickness of ~ 9.5 μm, followed by a section of particle-like BN
structure (Figure 3.15e) with a thickness of ~ 2.3 μm near the SiO2/Si substrate. The growth
of the two different BN structures could be highly related to the reaction mechanism. This
kind of structure may strongly influence the physical properties of BN film, such as hightemperature oxidation stability.
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Figure 3.15 Characterization of thick BN films grown at 1100 °C for 180 min. (a)
optical image, (b) cross-sectional SEM image, (c-e) magnified SEM images of colordashed squared regions in (b) from top to bottom.
Cross-sectional Raman mapping provides more structure and quality information of
the as-grown thick BN film from a chemical point of view. As shown in Figure 3.16a, the
Raman mapped area is shown by the dotted square. Figure 3.16b shows the typical Raman
spectra of BN film and SiO2/Si substrate at the cross-sectional area, where a strong E2g
band of h-BN at ~ 1367 cm-1 (black) and a silicon peak at ~520 cm-1 (red) were observed.
Figures 3.16c-3.16e compare the Raman mapping of (c) peak intensity, (d) peak position,
and (e) peak width of as-grown h-BN. One can see that the peak intensity was strong in the
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top layered section of h-BN and slightly decreased in the bottom particle-like section of hBN (Figure 3.16c), consistent with the cross-sectional SEM observation. There was not
much difference in the peak position and width of the E2g band across the cross-section,
suggesting an overall uniform distribution of quality-wise. For comparison, Raman
mappings of peak intensity, peak position, and peak width of SiO2/Si substrate are also
displayed (Figures 3.16f-3.16h).
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Figure 3.16 Cross-sectional Raman mapping of thick BN film grown at 1100 °C for
180 min. (a) Optical image of the mapped area. (b) Typical Raman spectra of as-grown
BN film and SiO2/Si substrate. (c-e) Raman mapping of (c) peak intensity, (d) peak
position, and (e) peak width of the E2g peak from h-BN film. (f-h) Raman mapping of
(f) peak intensity, peak position, and peak width of the Si peak from SiO2/Si substrate.

64

3.3 Conclusions
In this study, two different approaches to growing boron nitride are studied. For 2D
boron nitride, growth, a simple chemical vapor transportation method was used. With this
method, only 2D boron nitride can be grown and substrate is limited to copper which acts
as catalyst as well. The nucleation of hexagonal boron nitride on the copper crystal was
discussed and the grown hexagonal boron nitride was thoroughly characterized. On the
other hand, high rate growth of boron nitride thin film was achieved via thermal CVD
method. A buffer layer with around 2 μm of amorphous boron nitride was deposited before
the hexagonal boron nitride can be grown. High-quality hexagonal boron nitride was grown
at a very fast rate of 4 μm/hr. The growth mechanism and kinetics were detailed studied by
multiple characterization means, including Raman spectroscopy, SEM, TEM, XRD, etc.
The mixed growth pattern was believed to be the result of the transition from island growth
to layer growth.
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4.1 Introduction
Carbon nanotubes (CNTs) have recently been recognized as a promising alternative to
Cu interconnects.[1,2] It has been suggested that CNTs are the interconnect material of the
future11 based on their outstanding electrical properties as well as extraordinary failure
current densities (>109 A cm−2).[1,2,4-7] In addition, CNTs have the ability to carry huge
current density without heat sinks because of their exceptional thermal conductivity.[8,9]
However, great difficulty exists in manufacturing perfectly aligned CNTs, which are
beneficial for minimizing the conducting resistance.[10,11] When stacking clustered CNTs,
the intertube conduction becomes significant due to electron percolation, causing current
leakage toward unwanted directions.[12] Consequently, CNT−dielectric composite
systems have been introduced to manipulate the percolation by fine controlling the
electrical percolation threshold (EPT) to prevent intertube conducting behavior, at the
expense of high electrical conductivity, however, when compared to bare CNT networks.
In such systems, consisting of a mix of dielectric and conductive materials, the formation
of conductive pathways in the form of clusters of aligned CNTs inside the matrix is
governed by classical percolation theories.[13,14] The conductivity of CNT−dielectric
composite systems depends upon the alignment of nanotubes, with the highest conductivity
being obtained via highly aligned CNTs.[11] On this basis, a promising solution for
addressing all of the stated issues is to combine vertically aligned carbon nanotubes
(VACNTs) with appropriate dielectric materials.
In addition, carbon-based ceramic composites are drawing much attention today due to
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their multifunctional properties, such as good electrical conductivity, strong mechanical
strength,[15,16] and good antioxidative ability (up to 650 °C).[16,17] Carbon nanotube
(CNT)/ceramic composites, in particular, have demonstrated excellent properties in many
aspects, especially good mechanical and excellent electrical properties.[18] To achieve
better electrical and thermal conductivities in CNT/ceramic composites, vertically aligned
carbon nanotube (VACNT)-based ceramic composites are preferrable due to the
conductivity anisotropy of the VACNT conducting network along the axial direction.[19]
Common ceramics used in VACNT/ceramic composites include silicon carbide (SiC),[20]
graphite,[21] alumina,[22] mullite,[23] silicon (Si),[24] and various nitrides.[25,26]
However, the existing VACNT/ceramic composites have poor antioxidative capabilities,
making them unsuitable for high-temperature electrode applications. To address this issue,
ceramics are required to be uniformly and densely deposited both inside and outside the
VACNTs, forming infiltrated VACNT/ceramic composites, which can protect VACNT
arrays from oxidation, corrosion, and erosion under the extreme harsh circumstances.
However, achieving a uniform mixture of different phases remains a big challenge,
especially for bulk VACNTs due to their high aspect ratio.[19] As we know, the average
intertube distance in VACNT arrays (without any pretreatments) is less than 10 nm.[27] In
such high density VACNT arrays, once a layer of ceramic thin film forms on the top surface
of the VACNTs, ceramics will stop growing inside the VACNTs due to the blocking effect
of the densely formed ceramic films. Several studies have demonstrated the ability to
successfully achieve CNT/ceramic composites through the incorporation of relatively low-
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density CNTs in ceramic matrices using a sintering[28] or hot pressing technique.[29]
However, in these composites, CNTs were used as reinforcement dispersed in a matrix
instead of using their unique dimensionality and the desired properties (such as electrical
and mechanical anisotropies in VACNTs). Recently, it has been reported that atomic layer
deposition (ALD) is effective to obtain uniform infiltration of ceramics (Al2O3) in O2plasma-treated VACNT arrays.[30] Despite some progress made so far, the direct
infiltration of ceramics into dense VACNTs arrays without any pretreatments is still a big
challenge. We believe that chemical vapor infiltration via thermal chemical vapor
deposition (CVD) will allow simultaneous growth of ceramics from inside to outside of
VACNTs, resulting in the fabrication of highly uniform and dense VACNT/ceramic
composites.
4.2 Experiments, results and discussion

4.2.1

Water-assisted chemical vapor deposition of carbon nanotubes

A WVA-CVD system was installed and tested. Figure 4.1 shows the schematic diagram
(Figure 4.1a) and practical image (Figure 4.1b) of the WVA-CVD system, respectively.
The WVA-CVD system consists of three major parts: (1) gas-feeding system, (2) tube
furnace, and (3) exhaust system.
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Figure 4.1 The schematic diagram (a) and practical image (b) of the WVA-CVD
system installed.
As shown in Figure 4.1a, the gas-feeding system (or a gas mixture station) contains
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one C2H4 channel, one H2 channel, two Ar channels, and one water bubbler. The C2H4 is
used as the carbon precursor for growing CNTs. The H2 is used as a reducing reagent to
keep catalysts active. Ar-1 is used to carry water vapor into the reaction chamber to etch
amorphous carbon and keep catalysts active. Ar-2 is used as the buffer gas diluting H2 and
C2H4. All gas flows are precisely controlled by digital gas mass flow controllers (MFCs).
The tube furnace consists of a quartz tube (OD 80 × ID 74 × L 1000 mm) and a two-zone
furnace. The furnace can be continuously operated at 1100 ˚C with a maximum operating
temperature of 1200 ˚C.
Due to the corrosive (high-temperature water vapor) and explosive (H2 and C2H4)
environments used for growing CNTs, an anti-corrosion and anti-explosion dry vacuum
pump, Alcatel Adixen ACP28G Dry Vacuum Pump, is used for exhausting waste gases.
When vacuuming the CVD system, the pump is purged by argon to protect pump bearings
and dilute the explosive gas beyond corresponding explosive limits.
For safety concern, the WVA-CVD system is installed in an isolated room equipped
with a newly installed fume hood to vent waste gases. Two combustion gas
detectors/alarms are installed to sense potential gas leakages above the H2 and C2H4
cylinders and gas mixture station, respectively. When gas leaking is detected, the gas
feeding to the quartz tube will be shut down automatically to prevent potential explosion.
Growing CNTs using the WVA-CVD system
In this section, CNTs were successfully grown on multiple substrates, including
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SiO2/Si (University Wafer, single-side polished), fused silica (University Wafer, doubleside polished), and Cu (McmASTER-CARR, Multipurpose 110 Copper Sheet, single-side
polished), using the WVA-CVD system.
General procedures for growing CNTs include: substrate cleaning using ethanol, DI
water and acetone sequentially to remove organic and inorganic contaminants; Electrode
and catalyst deposition using RF and DC sputtering (RF sputtering for depositing
aluminum oxide and DC sputtering for depositing metals, such as Mo, Ti, Al, and Fe);
Loading the substrates into the quartz tube and vacuuming the tube to a base pressure of
10-3 torr; Purging the quartz tube with Ar three times to drive off oxygen in the tube;
Flowing Ar (600 sccm) and H2 (400 sccm) at a pressure of 100 torr; Heating the quartz tube
to 750 ˚C at a rate around 25 ˚C/min and keeping the temperature constantly at 750 ˚C
while maintaining an in-tube pressure of 100 torr; Flowing water vapor into the quartz tube
using Ar as the carrying gas (10 sccm) and maintaining a relative humidity at 0.6 – 0.8%
for 5 minutes; Turning off the H2 flow; Flowing C2H4 (100 sccm) and Ar (1000 sccm) while
maintaining the humidity and temperature for growing CNTs for around 10 minutes (the
growth duration will be optimized for growing ultralong vertically aligned CNTs); Turning
off the C2H4 flow and while maintaining the Ar flow, humidity and temperature for another
1 minute; Turning off the heater and water vapor flow while maintaining the Ar flow until
the tube temperature is cooled down to room temperature; Purging the quartz tube to
atmospheric pressure and taking the sample out for further characterization.

74

Figure 4.2 CNT growth process chart
(http://www.nanocarbon.jp/sg/STD_SuperGrowthManual_EN.pdf).
Figure 4.2 shows a CNT growth process chart showing the temperature-time profile
and corresponding gas flow rates during different periods of the growth process. Exact
parameters, such as the flow rates, pressure, humidity, temperature, temperature-time
profile, and catalyst, will be tuned and optimized for growing ultra-long vertically aligned
CNTs.
CNT bridge structures were fabricated on SiO2/Si substrates, as shown in Figure 4.3a.
Whisker-like CNTs are observed connecting the electrodes. The CNT bridge structures will
be used for collaborating with a professor from the Department of Physics at Kansas State
University investigating electronic and thermal responses of CNTs under ultrafast laser
irradiation. Figure 4.3b shows an optical micrograph of the comb-like electrode structure,
which consists of Mo electrode (100 nm thick) and catalyst top layer (Al/Fe/Al = 3/3/1 nm
from the top to the bottom). Figure 4.3c shows a typical Raman spectrum of the CNTs in
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Figure 4.3a, including three distinctive peaks, including an RBM peak (around 300 cm-1),
D-band (1337 cm-1), and G-band (1589 cm-1). The observation of RBM indicates the
formation of single-walled CNTs (SWNTs). The wide D- and G-band indicates the
existence of amorphous carbon impurities and multi-walled CNTs (MWNTs). Based on the
Raman spectrum, a mixture of SWNTs and MWNTs are deposited between the electrodes.
An overall resistance of the CNT bridge structure shown in Figure 4.3a is measured to be
0.4 MΩ. Based on the number of CNTs connecting the electrodes and corresponding
properties, the resistance between the electrodes ranges from 6.7 to 800 kΩ.

Figure 4.3 (a) A typical SEM micrograph of a comb-like CNT bridge structure
showing Whisker-like CNTs bridging the electrodes; (b) corresponding optical
micrograph of the comb-like CNT bridge structure in (a); and (c) the Raman
spectrum of the CNTs grown in the CNT bridge structure showing several distinctive
features, including a RBM peak (around 300 cm-1), D-band (1337 cm-1), and G-band
(1589 cm-1).
Conventional catalysts used for growing CNTs include transitional metals, such as Fe,
Co and Ni. Such metals can alloy with Cu at an elevated temperature, therefore lose
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reactivity. Therefore, a buffer layer is essential to separate a catalyst from Cu while
maintaining its reactivity. In this study, we proposed three catalyst structures to address this
challenge, including (1) Fe/Al2O3, (2) Fe/Al, and (3) Fe/Al/Ti, in which Al2O3, Al and Ti
are used as buffer layers preventing Fe from alloying with Cu. Porous Al2O3 has been
reported an excellent catalyst carrier for growing dense vertically aligned CNTs (VACNTs).
However, Al2O3 is electrically and thermally insulating. Therefore, Al and Ti are preferred
buffer layers due to their excellent electrical and thermal conductivity.
Figure 4.4 shows SEM micrographs and corresponding Raman spectrum of CNTs
grown using the Fe/Al catalyst structure on SiO2/Si substrates. In all Fe/Al structures, the
thickness of Al is fixed at 1 nm and the Fe thickness varies from 1 to 4 nm. Based on the
SEM micrographs, Figs. 4.4a, 4.4c, 4.4e and 4.4g, it is observed that all four Fe/Al
structures effectively catalyze the growth of CNTs. With the increase of Fe, average
diameter of CNTs increases accordingly, indicating increased catalyst particle sizes.
According to corresponding Raman spectra, Figs. 4.4b, 4.4d, 4.4f and 4.4h, IG/ID also
increases, indicating improved CNT quality. It is noteworthy that current CNTs are not
vertically aligned yet. According to published results, VACNTs can be achieved via either
controlling catalyst particle movement or crowding effect. Therefore, further catalyst
optimization will be investigated to form denser catalyst particles and facilitate the growth
of VACNTs.
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Figure 4.4 (a), (c), (e) and (f) are SEM micrographs showing CNTs grown at 750 ˚C
with different Fe/Al catalyst configurations of 1/1, 2/1, 3/1 and 4/1 (nm/nm),
respectively. (b), (d), (f) and (h) are corresponding Raman spectra of CNTs shown in
(a), (c), (e) and (f).
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4.2.2

Thermal chemical vapor deposition of carbon nanotubes

Based on phase-diagram studies, Al is found to be inert to both Cu and Fe. In addition,
multilayer Fe/Al structures, such as Al/Fe/Al and Fe/Al, have been demonstrated to be
effective in catalyzing CNT growth. Therefore, Al was chosen as the buffer layer material
separating Fe from Cu. After a series attempts, the Fe/Al structures (3nm and 20 nm,
respectively, from top to the bottom) demonstrated the best results in catalyzing CNT
growth. Less quantity of Fe results in insufficient CNT coverage on Cu plates. Larger
quantity of Fe leads to random carbon structure growth, such as fibers, belts, and whiskers,
other than CNTs. Thinner Al films lead to uncovered Cu surfaces after heating, therefore
deactivate Fe catalysts. Thicker Al films lead to completely wrapped Fe nanoparticles,
therefore degrade CNT growth. The Fe/Al (3 nm / 20 nm) catalyst structure is used in
following studies otherwise specified.
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Table 4.1 Basic parameters for growing CNTs on Cu, in which the C2H4 flow rate is
tuned.

A general temperature-time (T-T) profile for growing CNTs is depicted in Table 4.1. A
typical growth process includes following five steps, preheating/catalyst treatment, feeding
water vapor, CNT growth, flushing, and cooling. During the first step, the WVA-CVD
furnace is heated from room temperature to 750 ˚C in 20 minutes under the protection of
Ar. The Ar is kept flowing during the whole process to dilute H2 and C2H4. During this step,
catalysts are activated. After the temperature is stable at 750 ˚C, water vapor is fed into the
reaction tube carried by another line of Ar. Then, the carbon precursor, C2H4, is provided
for growing CNTs. At the end of the growth process, supply of C2H4 is terminated while
keeping water vapor for one more minute to etch amorphous carbons. After shutting all
reactive gases, i.e. C2H4, H2 and water vapor, the reaction tube will be cooled down to room
temperature before taking out samples.
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Table 4.2 Optical images and Raman spectra of the CNTs grown on Cu following the
parameters listed in Table 4.1 with variable C2H4 flow rates.
C2H4
(sccm)

Optical micrographs

Raman spectrum

100

150

200

The first parameter investigated is the supply of C2H4. By fixing other parameters
(Table 4.1), different C2H4 flow rates are used, including 100, 150 and 200 sccm. Flow
rates higher than 200 sccm are not used due to safety concerns. Corresponding optical
micrographs and Raman spectra are listed in Table 4.2. According to the optical
micrographs, all Cu substrates are completely covered by a layer of carbon black. Both D-
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and G-bands are observed in Raman spectra, in which D-band represents disordered carbon
phases and G-band encompasses information from crystalline sp2 hybridized carbon in
various forms. Generally speaking, a sharp and strong G-band refers to good crystalline
quality, and a weak D-band indicates a low concentration of disordered carbon atoms. As
listed in Table 4.2, ID/IG ratios of the samples decrease (from 1.49 to 1.41) as the C2H4 flow
rate increases (from 100 to 200 sccm). The ID/IG ratio increase indicates improved carbon
crystalline quality by increasing C2H4 supply. However, it is observed that the D-bands are
stronger than G-bands in all three samples, indicating insufficient crystalline quality of the
results. Therefore, tuning C2H4 supply alone (within the tunable range) is not sufficient for
growing VACNTs of required quality. To facilitate following studies, C2H4 supply is fixed
at 200 sccm, otherwise specified.
Table 4.3 Basic parameters for growing CNTs on Cu, in which the CNT growth time
is tuned.

The second parameter investigated is the CNT growth time. By fixing other parameters
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(Table 4.3), different CNT growth time durations (20, 25 and 30 minutes) are investigated.
Corresponding SEM micrographs and Raman spectra are listed in Table 4.4. According to
the SEM micrographs, spaghetti-like CNTs are observed crawling randomly on Cu.
Corresponding Raman spectra show similar features as observed in Table 2, showing strong
D-bands and relatively weak G-bands. The ID/IG ratio decreases from 1.57 to 1.41 when
the CNT growth time elongates from 20 to 30 minutes, indicating improved sp2 carbon
crystalline quality. Apparent fluorescence background is observed in the Raman spectra,
indicating the existence of fluorescent centers. Based on current results, a longer growth
time leads to CNTs of better crystalline quality. However, current results are still not
satisfactory.
Table 4.4 SEM micrographs and Raman spectra of the CNTs grown on Cu following
the parameters listed in Table 4.3 with variable CNT growth time.
Growth
time (min)

20

SEM micrograph

Raman spectrum
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25

30

The third parameter investigated is the relative humidity during the CNT growth
process. The role of water vapor is to etch away amorphous carbons and maintain the
reactivity of the catalysts. However, excessive amount of water vapor can also etch
crystalline sp2 carbons. By fixing other parameters (Table 4.5), variation of relative
humidity (0.4% and 0.5%) is investigated by adjusting water-bubbler temperatures.
Corresponding SEM micrographs and Raman spectra are listed in Table 4.6. Entangled
CNTs are observed in both SEM micrographs. Compared to previous samples, relatively
low ID/IG ratios, 1.19 and 1.30, are observed at the relative humidity of 0.4% and 0.5%
respectively. A lower ID/IG ratio refers to less disordered carbons and better sp2 crystalline
quality.
Table 4.5 Basic parameters for growing CNTs on Cu, in which relative humidity is
tuned.
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Table 4.6 SEM micrographs and Raman spectra of the CNTs grown on Cu following
the parameters listed in Table 4.5 with variable relative humidity.
Relative
Humidity
(%)

SEM micrograph

Raman spectrum

0.4

0.5

Based on above investigation, direct growth of ultralong VACNTs on copper is very
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challenging. Spaghetti-like CNTs were produced on copper surfaces along with
considerable amount of amorphous carbons as evidenced by strong D-bands and large ID/IG
ratio (> 1). Such CNTs are not suitable for fabricating the proposed VACNT-BN structures.
Therefore, additional efforts are required to grow millimeter-length VACNTs on copper.
Table 4.7 Basic parameters for growing VACNTs on SiO2/Si, in which the catalyst
and buffer layer thicknesses are tuned.

Table 4.7 lists parameters for growing VACNTs on SiO2/Si substrates. All parameters
are fixed except for the thicknesses of the catalyst and buffer layer. Fe thin films are
deposited via DC sputtering and used as the catalyst for growing CNTs. Porous Al2O3
layers are deposited via RF sputtering used as buffer layers between the Fe and underneath
SiO2/Si substrates preventing Fe nanoparticles from coalescence.
Table 4.8 lists SEM micrographs and corresponding Raman spectra for the CNTs
grown on SiO2/Si substrates using different Fe/Al2O3 configurations. As observed in the
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SEM micrographs, densely packed VACNTs are obtained in all three samples. According
to the SEM micrographs and corresponding Raman spectra, the 2/20 Fe/Al2O3
configuration (2 nm thick Fe film and 20 nm thick Al2O3) yields the best results, showing
the longest CNTs (> 20 μm) and smallest ID/IG ratio (0.61). Different from CNTs grown on
Cu, CNTs grown on SiO2/Si substrates show much-improved quality with sharp G-bands
and low ID/IG ratios.
Table 4.8 SEM micrographs and Raman spectra of the VACNTs grown on SiO2/Si
substrates following the parameters listed Table 4.7 but variable catalyst structure
configurations.
Fe/Al2O3
(nm/nm)

1/20

2/20

SEM micrograph

Raman spectrum
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2/40

Porous Al2O3 was confirmed to be effective in forming and stabilizing Fe nanoparticles
as catalysts for growing CNTs. Dense CNT forests have been successfully grown on
Fe/Al2O3 structures. Therefore, Al2O3 was continuously used as the buffer layer material
for catalyst formation. A series of Fe/Al2O3 structures were investigated in this section. A
suitable balance between C2H4 and water vapor was established. Increasing the C2H4
flowrate leads to longer CNTs, but also results in increased amount of amorphous carbon
that wraps Fe nanoparticles and prevents further growth of CNTs. However, insufficient
C2H4 supply significantly suppresses the growth of long CNTs. At the same time, Fe
nanoparticles will be oxidized by high-temperature water vapor and deactivated for further
CNT growth. Therefore, establishing appropriate balance between C2H4 and water vapor
is critical for growing ultralong CNTs. After intensive investigations, the amount of water
vapor was tuned to be fixed at a Relative Humidity (RH) of 0.4%, which is used in all of
the following studies, unless specified.
The first parameter investigated is the C2H4 flowrate. Based on previous data, C2H4
flow rates of 100 and 200 sccm were investigated while other parameters were fixed. Argon
is used as the buffer gas to maintain the total flowrate at 500 sccm and carrying water vapor.
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C2H4 flow rates higher than 200 sccm were not investigated due to safety concerns. Tables
4.9 & 4.10 are typical parameter charts for growing VACNTs on SiO2/Si substrates using
C2H4 as the carbon precursor. A typical growth process includes the following five steps:
(1) preheating/catalyst treatment, (2) feeding water vapor, (3) CNT growth, (4) flushing,
and (5) cooling. During the first step, the WVA-CVD furnace is heated from room
temperature to 750 ˚C in 20 minutes under the protection of Ar and H2. During pre-heating
process, the Fe thin film is converted into nanoparticles dispersed in the porous Al2O3 layer
under the protection of H2. After stabilizing at 750 ˚C, water vapor is fed into the reaction
tube carried by the 2nd line of Ar. After reaching desired temperature and humidity, the
carbon precursor, C2H4, is provided for growing CNTs while the Ar flow is stopped. At the
end of the growth process, the supply of C2H4 is terminated while keeping water vapor for
one more minute in order to keep etching amorphous carbons on the sample. After shutting
down all reactive gases, i.e. C2H4, H2 and water vapor, the reaction tube will be cooled
down to room temperature under the protection of Ar. During the whole growth process,
the total gas flowrate was kept constant at 500 sccm. Corresponding results, SEM
micrographs, and Raman spectra, of the VACNTs, are listed in Table 4.10. According to
the SEM micrographs, the sample obtained at the higher C2H4 flowrate (200 sccm) leads
to longer VACNTs around 300 μm. As listed in Table 3, ID/IG ratios of the samples decrease
(from 1.10 to 1.04) as the C2H4 flow rate increases (from 100 to 200 sccm). The decrease
in the ID/IG ratio indicates improved CNT crystalline quality by increasing C2H4 supply.
However, it is observed that the D-bands are stronger than G-bands in both samples,
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indicating the existence of considerable amount of amorphous carbon. Therefore, tuning
C2H4 supply alone (within the tunable range) is not sufficient for growing VACNTs of
required quality and length. To facilitate following studies, the C2H4 flow rate is fixed at
200 sccm, otherwise specified.
Table 4.9 The parameter chart for growing VACNTs on SiO2/Si at a fixed C2H4 flow
rate of 100/200 sccm.

Table 4.10 SEM micrographs and Raman spectra of the VACNTs grown on SiO2/Si
substrates following the parameters listed in Tables 4.8 & 4.9.
C2H4
(sccm)

100

SEM micrograph

Raman spectrum

90

200

The second parameter investigated is the thicknesses of the Fe and Al2O3 layers. Table
4.11 lists parameters for growing VACNTs on SiO2/Si substrates by tuning the thickness
of Fe and Al2O3 layers. Porous Al2O3 layers were deposited via RF sputtering as diffusion
barrier layer on SiO2/Si substrates to prevent Fe nanoparticles from coalescence. Fe thin
films were deposited sequentially via DC sputtering on to the Al2O3 layer and served as
the catalysts for growing CNTs. Table 4.12 lists SEM micrographs and corresponding
Raman spectra for VACNTs grown on SiO2/Si substrates following the parameters listed
in Table 4.11 with variable Fe/Al2O3 configurations. As observed in the SEM micrographs,
densely packed VACNTs are obtained in all five samples. According to SEM micrographs
and corresponding Raman spectra, the 3/40 Fe/Al2O3 configuration (3-nm-thick Fe film on
top of 40-nm-thick Al2O3) yields the best results, obtaining the longest VACNTs (~ 1.0
mm).
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Table 4.11 Basic parameters for growing VACNTs on SiO2/Si, in which the thickness
of Fe and Al2O3 layers are tuned.

Table 4.12 SEM micrographs and Raman spectra of the VACNTs grown on SiO2/Si
substrates following the parameters listed in Table 4.11 with variable catalyst
structures.
Fe/Al2O3
(nm/nm)

2/20

SEM micrograph

Raman spectrum
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3/20

3/40

3.5/40

4/40

The third parameter investigated is the CNT growth time. By fixing other parameters
(Table 4.13), different CNT growth time durations (40 and 60 minutes) were investigated.
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Corresponding SEM micrographs and Raman spectra are listed in Table 4.13. According
to the SEM micrographs, VACNTs are obtained. The ID/IG ratio increases from 0.94 to
1.02 when the CNT growth time elongates from 40 to 60 minutes, indicating degraded sp2
carbon crystalline quality. Apparent fluorescence background is also observed in the
Raman spectra, indicating the existence of fluorescent centers. Based on current results, a
longer growth time (> 40 min) leads to longer VACNTs of degraded crystalline quality.
Table 4.13 Basic parameters for growing CNTs on SiO2/Si substrates, in which the
CNT growth time is tuned.

Table 4.14 SEM micrographs and Raman spectra of the VACNTs grown on SiO2/Si
substrates following the parameters listed in Table 4.13 with variable CNT growth
time.
Growth
time (min)

SEM micrograph

Raman spectrum

94

40

60

Despite the results obtained in above studies, it is obvious that VACNTs longer than
1.0 mm is very challenging to obtain based on existing facility. Therefore, we also
investigated an alternative approach trying to grow ultralong VACNTs. As shown in Figure
4.5, a dual-zone reactor was deployed. Each zone was operated independently at a different
temperature, Zone-1 at 750 ˚C and Zone-2 at 950 ˚C. All gases were flowing from Zone-2
to Zone-1. The carbon precursor, C2H4, was preheated, pyrolyzed and activated in Zone-2,
therefore, providing sufficient energized carbon species for growing ultralong VACNTs in
Zone-1. It is expected that the pre-decomposition of C2H4 would significantly enhance the
growth rate and length of CNTs. Table 4.15 lists parameters used for growing CNTs using
the dual-zone reactor. Corresponding SEM micrographs and Raman spectra are shown in
Table 4.16. During the growth process, the Argon flow rate is fixed at 600 sccm to dilute
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the gas mixture. Hydrogen flows at 400 sccm to keep Fe catalyst activated. C2H4 flowrate
is maintained at 40 sccm during the growth process.

Figure 4.5 A schematic two-zone reactor design.
Table 4.15 The parameter chart for growing VACNTs on SiO2/Si using the two-zone
reactor depicted in Figure 4.5.
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Table 4.16 SEM micrographs and Raman spectra of the VACNTs grown on SiO2/Si
substrates following the parameters listed in Table 4.15.
Fe/Al2O3
(nm/nm)

2/10

2/20

3/20

3/40

SEM micrograph

Raman spectrum
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As observed in the SEM micrographs listed in Table 9, VACNTs were obtained. For
the sample obtained with the Fe/Al2O3 catalyst structure of 2nm / 10nm, incomplete surface
coverage is observed due to the thin Al2O3 layer, which could not cover the complete
substrate surface. For results with thicker Al2O3 thickness (Fe/Al2O3 structures of 2/20,
3/20 and 3/40), dense VACNT forests were obtained with thickness close to 1.0 mm. By
comparing the results, 2-nm Fe catalyst yields CNTs of better quality than 3-nm thick Fe
catalyst. By increasing the thickness of the Al2O3 layer leads to denser Al2O3 layer of fewer
pores. This results in shorter VACNTs as shown in the sample obtained with the Fe/Al2O3
structures of 3/40. The Raman spectra of the samples show increased ID/IG ratios by using
thicker Al2O3 layers, which means increased amount of amorphous carbon in the CNT
forests. Further efforts will be continued to grow VACNTs longer than 1.0 mm.
In previous sections, the C2H4 flow rate was set at 40 sccm while investigating other
parameters. Table 4.18 shows a set of experiments that focused on the flow rate of C2H4.
A total of five groups of experiments were conducted, and the results are shown in Table
17 and Figure 4.6. The length of the CNTs increased as the C2H4 flow rate increased until
the flow rate reached 70 sccm. Increasing the C2H4 flow rate above 70 sccm led to shorter
VACNTs, indicating catalyst poisoning and deactivation due to the excessive carbon
supply. The longest VACNTs we have achieved to date are 2 mm. Based on previous timedependent experiments, it is expected that the length of the VACNTs would further
increase by increasing the growth time. All of the following experiments were conducted
using this set of parameters.

98

Table 4.17 Basic parameters for growing VACNTs on SiO2/Si in which the C2H4 flow
rate is tunable.

Table 4.18 SEM micrographs and Raman spectra of the VACNTs grown on SiO2/Si
substrates following the parameters listed in Table 1 with variable C2H4 flow rates.
C2H4
flow
rate
(sccm)

40

SEM Micrograph

Raman Spectrum
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C2H4
flow
rate
(sccm)

50

60

70

SEM Micrograph

Raman Spectrum

100

C2H4
flow
rate
(sccm)

SEM Micrograph

Raman Spectrum

80

Figure 4.6 CNT length vs C2H4 flow rate, while all other parameters were fixed.
Based on the proposed research plan, VACNT-Cu structures with excellent contact
stability and low electrical/thermal resistance are required to ensure the safe operation of
the material while maintaining satisfactory electrical/thermal conductivity. However, it
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turned out that direct growth of ultralong VACNTs on Cu is very challenging. To avoid
delaying the project, we developed an alternative approach to firmly deposit VACNTs on
Cu by forming a carbide interface between the VACNTs and the Cu. A freestanding
VACNT brick was peeled from the Si/SiO2 substrates. A thin layer of metallic film, such
as Ni, which alloys with Cu and forms stable carbides easily, was deposited on the Cu
surfaces. Then the VACNT brick was pressed firmly on the Cu substrate and subjected to
thermal treatments at an elevated temperature under the protection of Ar, which allowed
the formation of a stable carbide interlayer. It is expected that a partial layer of the metallic
film forms a carbide layer while the rest of the layer alloys firmly with the Cu substrate.
As expected, stable VACNT-Cu structures were successfully fabricated with relatively low
contact electrical resistance (from 30 to 80 Ω).
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Figure 4.7 (a) VACNTs (~ 2 mm long) on a SiO2/Si substrate; (b) the VACNT brick
peeled off from the SiO2/Si substrate; (c) thermal annealing process parameter chart;
(d) and (e) stable VACNT-Cu structures.
The Cu substrate (1.5 mm thick, 2.56 x 2.56 mm2, single-side polished) was prepared
as follows. A layer of 50 nm nickel was sputtered onto the Cu substrate. Then the Ni-coated
Cu substrate was annealed at an elevated temperature to form a thin layer of Ni-Cu alloy
on the Cu substrate surface, which was ready for anchoring VACNTs. To fabricate a stable
VACNT-Cu structure, a VACNT brick was firmly pressed on the annealed Ni-Cu substrate
and loaded into a furnace. The sample was heated to 550 ˚C within 15 minutes. Then, the
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temperature was kept stable at 550 ˚C for 30 minutes to ensure the formation of a carbide
layer between the VACNTs and Cu substrate. After that, the furnace was cooled down to
room temperature. The whole annealing process was protected by Ar. Figure 3 consists of
SEM micrographs of the two VACNT-Cu samples shown in Figures 2d and 2e,
respectively, showing clear VACNT-Cu interfaces of well-aligned CNTs after the transfer.
To make a VACNT-Cu structure, a freestanding VACNT brick was peeled from a
Si/SiO2 substrate, as shown in Figs. 4.7a and 4.7b. A thin layer of Ni (50 nm) was deposited
onto a Cu substrate and annealed at 500 ˚C under the protection of Ar to form a thin layer
of Ni-Cu alloy on the Cu substrate surface. The VACNT brick was firmly pressed on the
annealed Ni-Cu substrate and loaded into a furnace. The sample was heated to 550 ˚C
within 15 minutes. Then, the temperature was maintained at 550 ˚C for 30 minutes to
ensure the formation of a nickel carbide layer between the VACNTs and Cu substrate. The
whole process was protected under Ar to avoid oxidation, as shown in Figure 4.7c. Figures
4.7d and 4.7e show optical images of the VACNT-Cu structures as fabricated. Stable
VACNT-Cu structures were successfully fabricated with relatively low contact electrical
resistance (from 30 to 80 Ω).
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Figure 4.8 SEM micrographs of the VACNT-Cu samples as shown in Figures 2d and
2e, respectively.
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Figure 4.9 VACNT-Cu structures: (a) and (b) Raman spectra of corresponding
VACNT-Cu structures embedded in (a) and (b); (c) and (d) I-V curves and resistance
of the VACNT-Cu structures embedded in (a) and (b), respectively. Sample-A
demonstrates obvious metallic features showing a linear I-V curve and constant
resistance. Sample-B demonstrates semiconducting features showing a nonlinear I-V
curve and resistance.
Figures 4.9a and 4.9b show Raman spectra of corresponding VACNT-Cu structures as
embedded in the figures. An obvious G+ peak is observed in Sample-A (as shown in Figure
4.9a) suggesting the dominant existence of metallic CNTs, which was verified by linear IV performance and constant resistance, as shown in Figure 4.9c. In contrast, Sample-B
(shown in Figure 4.9b) demonstrates semiconducting features showing nonlinear transport
performance and resistance. Further characterizations, such as thermal properties and highfrequency electrical properties, are under investigation.
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Growing VACNTs up to 4 mm long
Table 4.19 Parameters for growing VACNTs in which time is increased from 15 to 180
min.

As mentioned in previous sections, it is expected that the length of VACNTs would be
further increased by increasing the growth time while maintaining the catalysts active.
Therefore, the influence of growth time was investigated in this section. Based on the
results obtained from previous studies, flow rates of C2H4, H2 and Ar were fixed at 70, 400
and 600 sccm, respectively, as shown in Table 1. Growth time was increased from 15 to
180 min. SEM micrographs and optical image of the VACNTs are listed in Figs. 4.10a-g.
As observed in the figures, densely packed VACNTs are obtained. The length of the
VACNTs increases as the growing time increases. As summarized in Figure 4.10h, the
length of the VACNTs increases from around 0.5 to 4.0 mm when the growth time
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increases from 15 to 180 min. Further length increase is feasible by maintaining the
reactivity of the catalysts and elongating the growth time.
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Figure 4.10 (a) to (f) SEM micrographs and (g) an optical image of VACNTs obtained
after different growth time from 15 to 180 min. (g) The relationship between the
growth time and VACNT length showing an average growth rate of 1.3 mm/hr.
Fabricating VACNT patterns

Figure 4.11 (a) A contact mask for depositing catalyst patterns; (b) the design diagram
of the contact mask showing corresponding size and periodicity of the holes; (c) and
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(d) top-view and side-view of VACNT patterns fabricated.
Due to the entangled VACNTs observed previously, only tiny spaces are available
among CNTs that makes it extremely even impossible to infiltrate gaseous precursors for
growing BN. Therefore, VACNT patterns are desired and allow sufficient spaces among
VACNT clusters for growing BN. A contact mask, Figure 4.11a, was fabricated for
deposition patterned catalyst clusters with corresponding hole size, inter-hole distance, and
periodicity shown in Figure 4.11b. Figures 4.11c and 4.11d show a top view and side view
of patterned VACNTs grown on a SiO2/Si substrate. Grow parameters are identical to the
ones listed in Table 4.19. The growth time is two hours. Further investigations are
undergoing to growing patterned VACNTs suitable for fabricating VACNT-BN structures
with desired thermal stability and electrical properties.
Fabricating VACNT-Cu structures

Figure 4.12 (a) Cu-Ni phase diagram (Smith, W., 1995, Principles of Materials Science
and Engineering, 3rd ed., McGraw-Hill, New York, New York). (b) Ni-C phase
diagram (M. Singleton and P. Nash, Bull. Alloy Phase Diagrams, 1989, 10, 121–126).
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Based on the proposed research plan, stable CNT-Cu contacts showing excellent
electrical and thermal conductivity are required to ensure efficient power extraction and
immediate heat dissipation. However, direct growth of densely packed ultralong VACNTs
on Cu was turned out to be an extremely challenging task. At this turning point, an
alternative approach utilizing a metallic nickel carbide interfacial layer was conceived and
investigated. By looking at the Cu-Ni phase diagram, Figure 4.12a, it is obvious that both
metals show excellent solubility to each other and form stable alloys in a wide range. In
addition, Ni reacts easily with carbon and forms various metallic nickel carbide phases
depending on temperatures and pressures, Figure 4.12b. Therefore, it is reasonable to
envision implanting CNTs on Cu by reacting with Ni atoms in the Cu matrices and forming
a metallic nickel carbide interfacial layer. Due to the stable bonding in the nickel carbide,
the CNT-Cu contacts should be strong enough to stabilize VACNTs on Cu. While the
metallic features of the nickel carbide ensure sufficient electrical and thermal conductivity.
Verification of repeatability for ultra-long VACNT growth
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Figure 4.13 (a) Typical free-standing VACNT samples obtained. (b) VACNTs grown
in two-zone thermal CVD system. (c) VACNTs transferred onto copper substrate. (d)
Cross-sectional SEM image of a ~ 3 mm long VACNT sample. (e) Raman spectrum
measured from the VACNTs as shown in (c).
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Some of the selected samples obtained are shown in Figure 4.13a, where thick freestanding VACNTs with length of ~ 3 to 4 mm were obtained (Figure 4.13a). The VACNTs
can also be successfully transferred onto copper substrates (Figure 4.13c). To obtain CNTCu structures, free-standing VACNTs were put on top of Cu substrate coated with 50 nm
nickel film by sputtering beforehand. Then, they were annealed at 500 °C for 1h in argon
environment to produce a nickel-carbide interfacial layer between VACNTs and Cu for
tight binding. Figure 4.13d shows the cross-sectional SEM image of CNT-Cu structure,
confirming a vertically aligned structure. We also found that the VACNTs obtained are
dense and straight not only in macro scale (inset in Figure 4.13d but also in micro scale
(Figure 4.13d). Extremely similar Raman spectra are obtained across multiple samples
from different batches. One typical result is shown in Figure 4.13e. The ID/IG ratio of is
close to 1, indicating a relatively high percentage of defects existing in the ultra-long
VACNTs than that of MWCNTs with shorter lengths. Multiple VACNT samples can be
grown in one single batch with similar structural and electrical properties (Figure 4.13b)
and samples obtained from different batches show no major difference in these properties
as well, suggesting a good repeatability for ultra-long VACNT growth via thermal CVD.
4.2.3

Characterization of the as-grown carbon nanotubes

Structural characterization of ultra-long VACNTs

114

Figure 4.14 (a) A picture showing the Branson Sonifier® SFX 150 Cell Disruptor for
CNT dispersion. (b) Optical image of a CNT film obtained by ultrasonic dispersing.
(c) Low and (d) high magnified AFM images of the dispersed CNT film. (e) Low and
(f) high magnified AFM images of single CNT with diameter of ~ 7.5 nm.
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Despite the overall length of the grown VACNTs is very long (up to 4 mm), the tube
diameter of these samples remains unknown. The tube diameter of VACNT is associated
with many properties of CNTs, such as electrical conductivity and thermal conductivity,
meanwhile, the quality of BN films to be deposited on CNTs might differ with different
tube diameters. Ultra-long VACNT samples with large tube diameters are preferred in this
application. Thus, the control of VACNT tube diameter is very important, which was
measured using an atomic force microscope (AFM) (Figure 4.14). Branson Sonifier® SFX
150 Cell Disruptor was firstly used to disperse VACNT bricks. After dispersion, CNT
suspension was spin-coated onto the SiO2/Si substrate for further characterization. Figure
4.14b shows an optical image of a well-dispersed CNT sample, where the CNTs are
observed to be uniformly distributed on the substrate surface, forming a continuous film.
AFM analysis was conducted for the same CNT film and single CNT. Figures 4.14c and
4.14d show the low and high magnified AFM images of the dispersed CNT film,
respectively, where the CNT bundles and even single CNTs can be clearly observed. Single
CNT sample was measured, as shown in Figure 4.14e and 4.14f, which is straight and clean
on its surface. The average diameter was measured to be ~ 7.5 nm, demonstrating a
multiwall carbon nanotube produced using our WVA-CVD method. The parameters for
BN growth will be adjusted according to the diameter of the grown VACNTs.
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Electric conductivity characterization of ultra-long VACNT

Figure 4.15 (a) and (b) Illustration diagrams of devices for studying the electrical
properties along out-of-plane direction of ultra-long VACNTs based on two electric
conductivity measurement methods. (c) and (d) Comparison of I-V characteristics of
VACNTs measured from these two methods. Insets in Figures (c) and (d) show the
corresponding VACNT devices used for electrical measurement. (e) and (f) Crosssectional SEM images of two kinds of VACNT design showing the contact between
CNT and substrate: (e) Mo/VACNT/Ni/Cu and (f) Mo/VACNT/silver paste/ITO glass.
A new method for out-of-plane electric conductivity measurement of our VACNT
samples was introduced in this section, which was proved to be more accurate after being
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compared with the old measurement method. In addition, sample preparation period is
much shorter based on new measurement method. Hence, the whole analysis process is
more efficient. Illustration diagrams of two different electrical conductivity measurement
methods are shown in Figures 4.15a and 4.15b. One VACNT sample was divided into two
halves, one was transferred onto copper substrate using thermal annealing processing (old
method) and the other half was transferred onto ITO glass substrate using silver paste (new
method). The measured resistance of the VACNT brick transferred onto copper substrate
is ~ 180 olms (Figure 4.15c), while using our new method using silver paste as binder and
ITO glass as electrode, we obtained a resistance of ~ 72 olms for the same VACNT sample
(Figure 4.16d). The value of 72 olms was not only less than 50 % of the VACNT sample
on the copper substrate, but also very close to the reported electrical properties of typical
VACNTs, indicating a high quality and good electrical conductance of our grown VACNTs.
A relatively high out-of-plane electrical resistance of VACNTs measured on copper
substrate indicates a bad connection between CNT brick and copper substrate, which was
proved to be true from the cross-sectional SEM imaging analyses of two samples (Figures
4.15e and 4.15f). A wide gap is clearly observed between CNT brick and copper substrate
(Figure 4.15e), while no obvious gap can be seen between VACNTs and ITO glass substrate
using silver paste as binder.
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4.3 Conclusions
In this study, ultralong vertically aligned CNTs are fabricated using two different CVD
methods and these two methods are compared. The water assisted CVD method uses waterhydrogen combination to drive the balance of oxidation-reduction of the growth, removing
the amorphous carbon covering the iron catalyst, maintaining the reactivity of the catalyst.
On the other hand, using the two-temperature zone CVD method, the higher up stream
temperature creates a super saturation in the gas flow, promoting extremely fast nucleation
of CNTs in the reaction zone. Higher growth rate was achieved using the latter method and
the CNTs are characterized by SEM and Raman spectroscopy. Lastly, the substrates of
VACNTs are removed and the VACNTs are transferred onto copper plates. Electrical
conductivity of VACNTs was then evaluated.
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5.1 Introduction
Two-dimensional (2D) materials, especially graphene and transition metal
dichalcogenide (TMD) semiconductors (such as molybdenum disulfide (MoS2)), have
attracted significant research and industrial interest due to their outstanding electronic and
optical properties and wide potential applications for the next-generation of flexible fieldeffect transistors,[1,2] integrated logic circuits,[3] photodetectors and photovoltaic
devices,[4-7] energy storage,[8,9] and sensors.[10,11] It has been well documented that
defects significantly influence properties in 2D materials.[12-18] Therefore, the controlled
introduction of defects into these materials could tailor their optical, electrical, catalytic,
and even magnetic properties.[19-23] Examples include the local enhancement of optical
excitations at graphene edges,[24] generation of tunable magnetic phases in graphene with
vacancies,[25,26] a strong enhancement photoluminescence from MoS2 through defect
engineering and oxygen bonding,[27] and the significant improvement in hydrogen
evolution activity in MoS2 through oxygen plasma exposure and annealing in hydrogen.[28]
Compared to the conventional approach, in which defects are unintentionally created
during 2D material growth,[29] defect engineering through post-synthesis or direct
modification offers better controllability over defect levels and types. To date, significant
effort has been devoted to the modification of 2D materials through defect creation,
including ion/electron beam irradiation,[30-38] plasma treatments,[14,39,40], UV light
illumination,[41,42] and the sputtering of insulating layers.[43] Compared with the
ion/electron beam and UV light irradiation, the controllability of defects in 2D materials
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by sputtering so far has not been extensively studied.
On the other hand, many methods have been developed to remove or heal the defects
in 2D materials, which includes vapor phase treatment,[44] electrochemical deposition,[45]
and thermal annealing.[31,43,46,47] Although vapor phase treatment and electrochemical
deposition enabled the improvement of the electrical conductivity and mechanical
properties, the defects in 2D materials could not be recovered. Thermal annealing is a
promising approach for removing defects and restoring 2D lattice structures. Guo and Zion
et al. reported restoration of defects in graphene introduced by N+ (or C+) ion irradiation
after annealing in nitrogen gas (N2) (or vacuum).[31,46] However, an ultrahigh annealing
temperature of 1000-1100 °C is required for defect repair; and full restoration of graphene
structure is very difficult, where the maximal content restoration of defects relating to ID/IG
can only be reduced to a minimum ~ 0.32 (from ~ 3.38 for irradiated sample). In addition,
Ni et al. reported recovery of process-induced defects in graphene by annealing in air.
However, a number of defects remained after annealing at 500 °C and the thin graphene
was oxidized after annealing at 600 °C.[43] Recently, Imamura et al. realized restoration
of UV-induced defects in graphene by annealing in vacuum at 160 °C.[41] Most of the
studies mentioned above were focused on the defect engineering in graphene, other 2D
materials, however, have not been fully explored.[48] Consequently, it is of high research
interest to explore and develop a more efficient, cost-effective approach to realizing
reversible defect engineering not only in graphene but also in other 2D materials, such as
TMDs.
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Aluminum oxide (Al2O3) has been widely used as high-k gate dielectric for 2Dmaterial-based nanoelectronic devices, where atomic layer deposition (ALD) is a preferred
method to deposit dielectric Al2O3 without introducing defects during the deposition.[4953] However, to controllably modify 2D material in-plane via Al2O3 has hardly been
studied. Here, we demonstrate, for the first time, that the sputtering of low-energy Al2O3
may induce controlled defects in both graphene and MoS2 monolayers, while subsequent
annealing at low temperatures can reverse the defect creation process, realizing a controlled
defect creation and removal. Raman and photoluminescence (PL) spectra were used as
reliable approaches to assess the defect levels and monitor the reversible defect engineering
process in 2D monolayers. Based on Raman, PL, and electrical characterizations, we
explored the possible mechanism and the potential of this defect engineering technique.
The work presented here demonstrates an efficient approach for realizing the active control
of defects in 2D materials and brings new opportunities for tailoring their properties and
creating new functionalities. For example, our results can provide a guideline to design
monolayer graphene-/TMD-based electronic devices with a controlled densities of defects
and doping suitable for chemical sensing applications.

5.2 Experiments, results and discussion
5.2.1

Exfoliation and stability evaluation of graphene and MoS2

Atomically thin graphene and MoS2 samples were prepared by microcleavage of
natural bulk crystals (Graphene Supermarket) using Scotch Transparent Tape, before being
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transferred onto 300 nm SiO2/Si substrates. Briefly, the 2D materials were first exfoliated
onto a nonresidue polymer gel film (Gel-Pak Company) surface and then transferred onto
a SiO2/Si substrate. The SiO2/Si substrates were cleaned with acetone and isopropanol and
then rinsed with deionized water before receiving the exfoliated 2D materials. High-quality
monolayer and few-layer ﬂakes of sizes up to 20 µm2 were obtained using this method,
which were initially identified from optical contrast using an optical microscopy.
5.2.2

Magnetron deposition of Al2O3 on graphene and MoS2

Graphene and MoS2 samples were treated by the sputtering of Al2O3 in a radio
frequency (RF) sputtering system (ATC ORION) equipped with an RF magnetron
generator (Matching Networks). The Al2O3 target was sputtered in Ar at a pressure of ~ 5.5
mTorr. The RF powers were ranging from 5 to 100 W and dwell times were ranging from
1 to 120 min. The thickness of Al2O3 thin film scales linearly with the time of sputtering
(Figure 5.1), indicating a stable deposition rate.
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Figure 5.1 (a-d) AFM topography images of the Al2O3 thin film deposited on SiO2/Si
substrate with a power of 100 W for (a) 5 min, (b) 10 min, (c) 30 min, and (d) 60 min.
Insets in (a-d) show the cross-sectional profiles along the yellow dotted lines in the
corresponding images. (e) Al2O3 thin film thickness as a function of sputtering time
with a linear fit.
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5.2.3

Defect identification and evaluation

Both Raman and PL measurements were performed at room temperature and
atmospheric pressure in a micro-Raman system (Renishaw inVia Plus, Renishaw,
Gloucetershire, UK). The Raman scattering was excited by a 514 nm Ar+ laser with a power
of ~ 200 μW, while the PL scattering was excited by a 633 nm He-Ne laser with a power
of ~ 20 μW to avoid heating. The spot size of 633 nm laser beam focused onto the sample
was ~ 1.5 μm, while the focal spot size for 785 nm laser beam was ~ 2 μm. Raman and PL
spectra were collected through a 50× objective lens with an accumulation time of 10 s at
each position.
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Figure 5.2 Controlled creation of defects in graphene monolayer and few-layers. (a)
Schematic of the generation of surface defects in a graphene film via Al2O3 plasma
treatment. (b) Optical image of the as-prepared monolayer to few-layer graphene on
SiO2/Si substrate. Scale bar: 5 μm. (c) Raman spectra of an exfoliated monolayer
graphene as a function of Al2O3 plasma treatment time, where the spectra are
normalized to the intensity of the G peak. (d) The ID/IG (top) and ID’/IG (bottom) ratio
as a function of plasma time. Insets in (d) show the LD with respect to ID/IG ratio (top)
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and ID versus ID’ (bottom). (e) Raman spectra of monolayer to few-layer graphene
subjected to Al2O3 plasma for a fixed time of 10 min. (f) The ID/IG (top) and ID’/IG
(bottom) ratio as a function of layer thickness.
Renishaw WIRE 3.4 software was used to fit the Raman and PL spectra collected based
on Gaussian-Lorentzian mixed profile. An atomic force microscopy (AFM) (Bruker
Multimode 8 AFM) operated in the peak-force working mode was applied to determine the
thickness of the sample and to study the morphological evolution in Al2O3-plasmamodified 2D materials.
In this study, graphene as a typical 2D semimetal and MoS2 as a typical 2D
semiconductor were chosen as our research object. Graphene and MoS2 monolayer and
few-layer samples were mechanically exfoliated from commercially available bulk single
crystals (Graphene Supermarket) onto 300 nm silicon dioxide/silicon (SiO2/Si) substrates
that were cleaned with acetone and isopropanol. We first studied defect engineering in
exfoliated graphene monolayers (Figure 5.2). To realize controlled defect creation, a piece
of monolayer graphene (1LG) was exposed in Al2O3 plasmas for successive treatments of
1, 5, 10, and 20 min, at a pressure of ~ 5.5 mTorr and with power of 5 W (Figure. 5.2). By
controlling the irradiation time, graphene with different levels of defects was obtained,
which was monitored and quantitatively analyzed by Raman spectroscopy, as shown in
Figure 5.2c. All of the spectra exhibited two main features: the G-band at ~ 1579 cm-1,
arising from E2g vibrational mode of sp2 carbon network and the 2D-band at ~ 2668 cm-1,
corresponding to the overtone of the D-band. Before the plasma irradiation, the sample
showed a typical Raman line with no trace of D-band, indicating that the pristine graphene
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was defect-free. After a very short irradiation time, two noticeable features induced by
defects, the D-band at ~ 1336 cm-1 and the D’-band at ~ 1618 cm-1, appeared in the spectra
and increased with the exposure time (Figure 5.2c). Figure 5.2d shows the intensity ratio
of the Raman D (D’) to G-band [i.e., ID/IG (ID’/IG)] as a function of the plasma time. Both
the ratios of ID/IG and ID’/IG increased monotonically when the Al2O3 plasma time was
increased to 5 min, then increased gradually, and finally reached a maximum value (~ 1.8
for ID/IG and ~ 0.2 for ID’/IG) when the plasma time was further increased to 20 min. A
similar trend was also observed in bilayer graphene (2LG).
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Figure 5.3 Controlled creation of defects in graphene bilayers via Al2O3 plasma
treatment. (a) Optical and (b) AFM images of an exfoilated bilayer graphene
transferred onto SiO2/Si substrate. Scale bar: 3 μm. (c) Cross-sectional profile along
the yellow solid line in (b), confirming its bilayer characteristics. (d) Raman spectra
of the same bilayer graphene in (a) as a function of Al2O3 plasma treatment time. (e)
The ID/IG (top) and ID’/IG (bottom) ratio as a function of plasma exposure time. (f) LD
with respect to ID/IG ratio and (g) ID versus ID’.
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The evolution of the aforementioned Raman features implies the controlled formation of
defects in graphene induced by the weak Al2O3 plasma. According to the trends
summarized by amorphization trajectory,[54, 55] ID/IG increases when crystalline graphene
evolves into a nanocrystalline phase (Stage I) and then decreases when nanocrystalline
graphene becomes low sp3 amorphous carbon (Stage II). Our case appears to follow the
first stage of the amorphization trajectory, thus, the formation of the amorphous phase was
avoided in the graphene irradiated with Al2O3 plasmas, even with a longer exposure time.
We can, therefore, quantify the amount of defects in graphene after a series of irradiations
using the well-known Tuinstra-Koenig relation:[56]

LD = ( 2.4 10−10 )  4 ( I D / IG )

−1

,

(5.1)

where LD is the size of in-plane crystallites and λ is the laser excitation wavelength. In our
experiment (top insets in Figure 5.2d and 5.3f), a long time exposure of Al2O3 plasma led
to the formation of crystalline grain sizes on the order of ~ 8 nm (in 1LG) and ~ 19 nm (in
2LG), which indicated well-controlled moderate density defects in our case.[30]
Considering the D-band represents many types of defects, the detailed mechanism of
defect formation in graphene is still unclear.[57] In the present work, the defect formation
via Al2O3 plasma treatment may be caused by the interaction between Al2O3 and graphene
which may produce weak dangling bonds, sp3-type defects, and/or vacancy-like defects.
To confirm if the sputtered Al2O3 created weak dangling bonds with graphene, Al2O3 thin
layer was etched using hydrofluoric acid (HF) dilute solution (DI water : HF = 100:1).
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Figure 5.4 Removal of surface defects in graphene induced by Al2O3 plasma. (a)
Raman spectra of the defective monolayer graphene as a function of annealing
temperature. (b,c) The dependence of (b) ID/IG and (c) I2D/IG ratio on the annealing
temperature for plasma-treated monolayer to few-layer graphene. Insert in (b) shows
the maginified curves for 2L, 3L, and FL graphene.
However, the D-band still existed after Al2O3 removal (Figure 5.5), suggesting that the
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defects in Al2O3-treated graphene should not be dominated by the dangling bonds at the
Al2O3/graphene interfaces. It has been reported that ID/ID’ can be used experimentally to
obtain information on the nature of defects in graphene: ID/ID’ > 7 for sp3-type defects,
while ID/ID’ < 7 for vacancy-like defects.[57] Figure 5.13d (bottom inset) and Figure 5.3g
plot ID versus ID’ for 1LG and 2LG, respectively, where ID/ID’ = B (~ 9.0 for 1LG and ~ 7.1
for 2LG) higher than 7. B is a constant and should not depend on defect density but only
on the type of defect. This indicates that defects associated with sp3 hybridization were
mainly created in the graphene by Al2O3 plasma treatments with low power (5W),
suggesting the low defect concentration level.[57,58]
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Figure 5.5 (a) Optical image of an exfoilated monolayer graphene (1LG) transferred
onto sapphire substrate. (b) Raman spectra of the 1LG before (black) and after (red)
treated by Al2O3 plasmas with power of 5 W for 15 min. (c) Raman spectra of Al2O3coated 1LG as a function of wet etch time in hydrofluoric acid (HF) dilute solutionn
(DI water: HF = 100:1). (d) The dependence of ID/IG ratio on the HF etch time.
We further investigated the effect of plasma irradiation on graphene of different layer
thicknesses. A single sample containing 1L-, 2L-, 3L-, and FL-graphene (FLG) was
selected (Figure 5.4b and Figure 5.6a) and irradiated by the plasma under the same
conditions. Figure 5.2e compares the Raman spectra from the Al2O3-treated graphene
samples of different layer thicknesses and shows that FLG was less disordered than 1LG,
indicating that the effect of Al2O3 plasma on the thicker samples weakened. This is
consistent with the previous work,[59] and can be understood that only the top layer of
graphene was modified, while the bottom layer maintained its original structure.[60]

Figure 5.6 (a) Raman spectra of as-prepared 1L to FL graphene on SiO2/Si substrate
shown in Figure 5.2b. (b) The evolution of Raman shift for 1L to FL graphene
subjected to Al2O3 plasma for a fixed time of 10 min.
It should be noted that the estimation of the number of defects in multilayered graphene
based on the D (D’) band intensity can result in an overestimation due to the scattering of
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phonons in the bottom layer by defects in the top layer.[58] To simplify the discussion, we
ignored this effect in our work. As shown in Figure 5.2f, both the ID/IG and ID’/IG intensity
ratios decreased exponentially as the layer thickness increased, which suggested that the
defect level was inversely proportional to the thickness. The ID/IG (ID’/IG) as a function of
the layer thickness can be fitted with an equation as:

I D( D') / IG = ( I D( D') / IG ) e− aN ,
sat

(5.2)

where (ID(D’)/IG)sat is the ratio at its saturation value, N is the number of layers, and the
parameter a is defined as the disorder release efficiency. By fitting the data, we found that
ID/IG had the same a (~ 0.58) as that of ID’/IG. This indicated that the parameter a does not
depend on the defect concentration and the irradiation time but only depends on the plasma
energy. Another interesting observation in Figure 5.2e is that the D-band in the Al2O3irradiated 1LG (~ 1336.5 cm-1) was red-shifted by ~ 16 cm-1 compared to that of 2L-FLG
(~1352 cm-1). We attribute this significant red shift of the D-band to the strong tensional
stress on atomic thin 1LG as a result of depositing Al2O3 with a larger lattice constant than
graphene. In contrast, the D- and G-bands of 2L to FL graphene did not show a noticeable
shift after Al2O3 modification.

140

Figure 5.7 Controlled creation and removal of defects in graphene monolayer and
few-layers via moderate annealing. (a-d) Raman spectra of the defective graphene as
a function of annealing temperature: (a) monolayer, (b) bilayer, (c) trilayer, and (d)
few-layers. (e,f) The dependence of (e) ID/IG and (f) ID’/IG ratio on the annealing
temperature for the Al2O3-plasma-treated monolayer to few-layer graphene. Insert in
(e,f) show the maginified curves for 2L, 3L, and FL graphene.
The Al2O3-irradiated samples (Figure 5.2e) were then thermally annealed in argon (Ar)
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from 100 to 300 °C for 30 min at each temperature (Figure 5.4 and Figure 5.7). One can
see that, after annealing at lower temperatures, i.e., 100 and 200 °C, the D-band and ID/IG
ratios were significantly reduced to different levels while the D’-band could almost be
removed during this process (Figs. 2a and 2b), indicating the restoration of the lattice
structures, that is, the Al2O3-irradiated 1LG with the sp3-type defects changed into sp2bonded graphene after the low-temperature annealing. When the temperature increased to
300 °C, the intensity ratio of ID/IG decreased from ~ 4.8 (before annealing) to ~ 0.29 for
1LG, which was even lower for the thicker samples (Figure 5.4b). In our case, the
restoration of graphene structure obtained at low annealing temperatures was even better
than that Guo et al. obtained at ultra- high annealing temperatures (1100 °C).[31] It is
known that the intensity ratio of I2D/IG can be considered as a measure of the non-destroyed
part of the graphene lattices.[46] Figure 5.4c shows the dependence of I2D/IG on the
annealing temperature. For 1LG, the annealing treatment led to an increase of the I2D/IG
ratio from ~ 1.64 (before annealing) to ~ 3.9 (after annealing at 300 °C). This value was
almost equal to that of the pristine sample. However, no noticeable changes were observed
for the I2D/IG ratios in the graphene bilayer to few-layers, which suggests that I2D/IG cannot
be used as a sensitive indicator for the “state of defectiveness” in few-layer graphene.
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Figure 5.8 Controlled creation of defects in 1L-MoS2. (a) PL spectra of an exfoliated
1L-MoS2 with increasing Al2O3 plasma treatment time. (b) The intensity ratio of
Xb/XA as a function of plasma exposure time. Inset in (b) shows the neutral (XA) and
defect-bound (Xb) exciton peak position as a function of plasma exposure time. (c) PL
mapping characterization: optical image (top left) and XA intensity mapping (bottom
left) of the pristine 1L-MoS2, Xb/XA intensity ratio (top) and XA intensity (bottom)
mapping for the Al2O3-treated same sample before (middle) and after (right)
annealing at 300 °C.
Another interesting observation is that G- and 2D-bands in Al2O3-treated 1LG
significantly blue-shifted as the annealing temperature increased (Figure 5.9a), where the
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G-band blue shifted ~ 12.0 cm-1 and 2D-band blue-shifted ~ 25.1 cm-1 after annealing at
300 °C. Similar to the previous reports,[43] the blue shift of Raman bands can be attributed
to the strong compressive stress on the graphene. After thermal annealing, Al2O3
redistributed and became denser, therefore, leading to a strong compressive stress on the
graphene.

Figure 5.9 (a) The frequency of G-band (blue) and 2D-band (red) as a function of
annealing temperature for Al2O3-plasma-treated monolayer graphene (1LG). (b) The
full width at half-maximum (FWHM) of G-band (blue) and 2D-band (red) as a
function of annealing temperature. The above data was extracted from Raman
spectra in Figure 5.4a.
The morphological changes of Al2O3 will be discussed in a later section. Besides the
blue shift of G- and 2D- bands, there was a significant FWHM (full width at half-maximum)
narrowing for both G- and 2D-bands after annealing at different temperatures (Figure 5.9b),
which was similar to the case of charge doping as reported by Yan et al.[61] This indicated
that the defect-associated doping possibly existed in the graphene, which could be restored
by annealing. After annealing at 300 °C, the FWHM of both G- and 2D-bands decreased
to a small value close to that of the pristine graphene, further demonstrating that most of
the defects and the doping effect in 1LG were removed at such low annealing temperature.
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Summarizing, in combination of moderate Al2O3 plasma treatments and low-temperature
annealing, the defect creation and removal in whole graphene surface was realized in a
controllable manner (Figure 5.11).

Figure 5.10 Removal of Al2O3-plasma-induced defects in 1L-MoS2. (a) PL spectra of
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the defective 1L-MoS2 after thermal annealing at various temperatures. (b) The Xb/XA
intensity ratio as a function of annealing temperature. Inset in (b) shows the exciton
(XA) and defect-bound exciton (Xb) peak position as a function of annealing
temperature. (c,d) Normalized carrier density in 1L-MoS2 as a function of the (c)
Al2O3 plasma treatment time and (d) annealing temperature. (e) Schematic of a 1LMoS2 device on SiO2/Si substrate with two-probe geometry. (f) I-V output
characteristics (logarithmic) of the pristine 1L-MoS2 (black), Al2O3-plasma-treated
1L-MoS2 before (red) and after being annealed at 150 °C (blue) and 300 °C (pink),
where the same data shown in linear scale is inserted at the bottom right.
We also applied the same Al2O3 plasma treatments as those employed for graphene to
manipulate the defect level in semiconductor 2D TMDs, where monolayer MoS2 (1L-MoS2)
was chosen as a typical example. PL spectroscopy has been developed as a reliable
approach to assessing the quality of TMD samples under ambient conditions (room
temperature and atmospheric pressure).[14] Figure 5.8a shows the room-temperature PL
spectra for 1L-MoS2 with different Al2O3 plasma times. The pristine 1L-MoS2 showed a
strong PL emission with the characteristic peak at ~ 655 nm (~ 1.89 eV) from the neutral
XA exciton. As the sample was exposed to Al2O3 plasma for a very short time (~ 5 min), a
new spectral feature at ~ 729 nm (~ 1.70 eV), located ~ 190 meV below the XA exciton
peak, rose in the PL spectrum. We attribute this feature to the defect-bound exciton (Xb),[14]
associated with the radiative recombination of excitons bound to defect sites, which can be
used to determine the defect level in 1L-MoS2. The location of the Xb exciton below the
XA exciton indicated that defects created by the Al2O3 plasma acted as exciton traps, which
reduced the electron-hole pair interaction. With the increase in the plasma irradiation time,
the intensity of Xb exciton consistently increased while the XA exciton steadily decreased,
suggesting the increase in the defect densities in 1L-MoS2. The decrease in XA along with
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the increase in Xb also implied irradiation-induced conversion from neutral (XA) to defectbound (Xb) excitons.

Figure 5.11 Monitoring of the reversible defect engineering in graphene via Raman
mapping. (a) Optical image and (b) G peak intensity mapping of the pristine 2L/3L
graphene. (c,d) ID/IG intensity ratio mapping for the Al2O3-treated same sample (c)
before and (d) after annealing at 300 °C.
The Xb/XA intensity ratio was obtained to quantify defect levels, as shown in Figure
5.8b. It can be seen that Xb/XA ratio showed a parabolic rise with the irradiation time,
similar to the trend obtained in graphene by a Raman intensity ratio of ID/IG, demonstrating
that the weak Al2O3 plasma is capable of controllably introducing defects in 1L-MoS2 by
tuning the processing time. On the other hand, no obvious changes were observed in the
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Raman spectra of 1L-MoS2 as a function of the Al2O3 plasma time (Figure 5.12b),
indicating that Raman spectra are not sensitive to the defects induced by the weak Al2O3
plasmas.

Figure 5.12 Raman and photoluminescence (PL) characterization of defects in
monolayer MoS2 (1L-MoS2). (a) PL and (b) Raman spectra of an exfoliated 1L-MoS2
with increasing Al2O3 plasma treatment time. (c) Raman spectra for the pristine (top),
low-power (middle), and high-power (bottom) Al2O3-plasma-treated 1L-MoS2.
To confirm this Raman result, we studied the role of Al2O3 plasma power on the Raman
spectra of 1L-MoS2 (Figure 5.12c), where high-power (100 W) Al2O3 plasma irradiation
induced an obvious evolution of both linewidth and frequency shifts of the Raman
features.62 The inset in Figure 5.8b shows the peak positions of XA and Xb plotted versus
the irradiation time. It is clear that the XA peak rapidly red-shifted after 5 min of plasma
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treatment and then saturated at a certain irradiation time, meanwhile the Xb peak gradually
red-shifted and then reached a maximum with successive plasma irradiation, indicating
defect site saturation with trapped excitons after a long period of Al2O3 plasma treatments.
We also investigated the spatial distribution of the Al2O3-plasma-induced defects by
measuring the PL mapping (Figure 5.8c). The XA peak intensity mapping for the pristine
1L-MoS2 showed uniform distribution (Figure 5.8c, bottom left). For the same sample after
plasma treatment for 10 min, the Xb/XA intensity ratio mapping clearly showed a
significant and uniform defect-induced contribution of Xb (Figure 5.8c, top middle),
suggesting that the Al2O3-plasma-induced defects were uniformly distributed on the whole
monolayer surfaces.
Then, we investigated the possibility of removing defects in the Al2O3-plasmairradiated 1L-MoS2 by annealing at low temperatures. Figure 5.10a shows the changes in
PL spectra for the defective 1L-MoS2 after it was annealed in Ar at different temperatures.
One can see that, the PL was dominated by the Xb emission prior to annealing, implying a
high defect concentration. After annealing at 100 °C, we observed a significant decrease
(increase) in the Xb (XA) emission (Figure 5.10b), associated with a decrease in the Xb/XA
intensity ratio from ~ 2.8 to ~ 0.6, which suggested annealing-induced conversion from
defect-bound exciton to neutral exciton emission. It was noted that longer annealing times
than 30 min at this temperature caused little further change in the each emission
contribution to PL. After 200 °C annealing, the Xb (XA) emission further decreased (rose),
indicating a well-controlled restoration of the lattice structures. Surprisingly, after

149

annealing at 300 °C, the Xb emission contribution could no longer be seen; and the
intensity of XA remained relatively stable. This implied that the defects in 1L-MoS2 were
reduced and close to their original state. The mapping of Xb/XA ratio (top right) and XA
peak intensity (bottom right) in Figure 5.8c confirmed that annealing at 300 °C removed
most of the defects on the whole sample surfaces. Additionally, we observed that both the
XA and Xb bands blue-shifted with the annealing process and saturated after a certain
annealing temperature (Figure 5.10c), which was considered as another signature of
restoration of the lattice structure in MoS2.
It has been reported that the PL intensity and peak positon of 1L-MoS2 exhibit a strong
dependence on carrier doping.63 In the present work, the redshift of XA (Xb) peak after
Al2O3 sputtering could be attributed to the defect-associated n-type doping in 1L-MoS2,
while the XA (Xb) peak blue shift after subsequent annealing indicated an effective doping
removal. The carrier doping is also known to be an effective method to modify the carrier
densities of 2D monolayers.[63,64] Thus, we investigated the evolution of carrier densities
of 1L-MoS2 at different processing stages. The carrier density can be estimated by

ni  exp( −

Eg
kBT

),

(5.3)

where Eg is the band gap related to the PL XB peak, kB is the Boltzmann constant, and T
is the Kelvin temperature. Figure 5.10c showed the normalized carrier density as a function
of Al2O3 sputtering time, which increased parabolically due to a larger number of defectinduced doping. In contrast, the carrier density of Al2O3-treated 1L-MoS2 exhibited an

150

exponential decrease after thermal annealing (Figure 5.10d). This behavior was similar to
the change of Xb/XA intensity ratio as a function of sputtering time and annealing
temperature. These results suggested that a reversible control of both the defects and the
doping level in 1L-MoS2 can be realized via a combination of Al2O3 sputtering and post
annealing technique.
As further confirmation of the controlled defect creation and removal in 1L-MoS2, we
investigated the effects of Al2O3 plasma irradiation and post annealing on the electrical
performance of 1L-MoS2 devices. Previous studies showed that the electrical properties of
MoS2 were highly influenced by the introduction of defects,[15,16,65,66] leading to
significant degradation of the electrical performances. Figure 5.10e shows a schematic of
1L-MoS2 device on SiO2/Si substrate with two-probe geometry. Standard photolithography
and e-beam evaporation were used to form the Ti/Au (5/50 nm) contacts as the source and
drain electrodes. In this experiment, we examined the change in current-voltage (I-V)
characteristics of a 1L-MoS2 device of length ~ 5 μm and width ~ 11 μm at various stages:
after Al2O3 plasma irradiation and after subsequent annealing at different temperatures
(Figure 5.10f). After Al2O3 irradiation for 5 min, the current decreased significantly by over
an order of magnitude from ~ 1 nA to ~ 40 pA (VDS = 1 V, Vg = 0 V). The reduction in
electrical conductivity implied the formation of defects in the 1L-MoS2 channel. After
annealing at 150 °C, we observed a dramatic increase in the current, suggesting that the
defects were partially removed. After further annealing at 300 °C, the current was restored
to its original value, further demonstrating that the Al2O3-plasma-induced defects in 1L-
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MoS2 were removed at such a low annealing temperature.

Figure 5.13 In situ structural characterization of the ultrathin Al2O3-coated 2D
monolayers. (a-d) AFM topography images of the ~ 1-nm-thick Al2O3-coated (a) 1LG
and (b) 1L/2L-MoS2 before annealing, and (c) 1LG and (d) 1L/2L-MoS2 after
annealing at 300 °C. Scale bars: 200 nm. Bottom insets in (a-d) show the
corresponding cross-sectional profiles along the yellow dotted lines and schematics of
Al2O3 structural evolution on top of the 2D layers.
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Mechanism analysis of the generation and removal of defects
Finally, we studied the structural evolution in the Al2O3-deposited 2D material surfaces
to understand the changes in defect density throughout the whole defect engineering
process. In this experiment, the sputtering of Al2O3 with a power of 5 W was performed
for 5 min; and the thickness of the Al2O3 deposition on top was measured to be ~ 1 nm
(Figure 5.14).

Figure 5.14 (a) AFM image of a thin Al2O3 layer deposited on SiO2/Si substrate with
a power of 5 W for 5 min. (b) The cross-sectional profile along the yellow dotted line
in (a).
The topographic surface images of the Al2O3-deposited 1LG and 1L-MoS2 before
annealing are shown in Figs. 5a and 5b, respectively. One can see that a non-uniform film
with many uncovered regions (or nano-vacancies) was formed on both the graphene
(Figure 5.13a) and MoS2 (Figure 5.13b) surfaces. This is considered to be caused by the
lack of available sites for the physical or chemical sorption of Al2O3 on their surfaces.[49]
Therefore, the initial Al2O3 attached to a 2D crystal surface during the sputtering process
was easily detached via thermal desorption, leading to a non-uniform and rough film

153

morphology with many vacancies. Before annealing, the average density and diameter of
the vacancies for 1LG were ~ 533.2 μm-2 and ~ 18.5 nm, respectively, which were
calculated using a “Nano Scope Analysis” software. Interestingly, after 300 °C annealing
treatments, the vacancy density dropped drastically (~ 344.1 μm-2), which led to the
formation of variously shaped larger vacancies on both the edge and in-plane regions (see
arrows and dotted circles in Figure 5.13c).

Figure 5.15 Schematics of (a,b) defect creation by Al2O3 plasma irradiation in the
monolayer (a) graphene and (b) MoS2, and (c,d) defect removal by low-temperature
thermal annealing in the Al2O3 plasma treated monolayer (c) graphene and (d) MoS2.
The large and different shaped vacancies might be formed by a localized grain-grain
coalescence during the annealing process (bottom inset in Figure 5.13c), leading to a denser
Al2O3 thin layer. This also explained the blue shift of G- and 2D-bands in Al2O3-treated
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1LG after annealing. Similar behavior was also observed for the 2L and 3L graphene
samples (Figure 5.16). On the contrary, for MoS2 samples, both the density and diameter
of the vacancies were significantly reduced after annealing (Figs. 5c and 5d), forming a
smooth and uniform Al2O3 thin film on the MoS2 surface (bottom inset in Figure 5d). The
different behaviors of Al2O3 evolution on graphene and MoS2 are still not very clear and
will be studied in our future work.
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Figure 5.16 In situ morphological characterization of ~ 1-nm-thick Al2O3-coated 2D
materials with different layer thicknesses. (a-c) Optical images of as-prepared (a) 1LG,
(b) 2L/3LG, and (c) 1L/2L-MoS2 on SiO2/Si substrates. Scale bars in (a-c): 500 nm.
(d-f) AFM images of Al2O3-coated (d) 1LG, (e) 2L/3LG, and (f) 1L/2L-MoS2. (g-i)
AFM images of Al2O3-coated (g) 1LG, (h) 2L/3LG, and (i) 1L/2L-MoS2 after
annealing at 300 °C. Scale bars in (d-i): 200 nm. (j,k) The effect of thermal annealing
on the vacancy density (top) and diameter (bottom) on (j) graphene and (k) MoS2
surfaces.
Based on the Raman, PL, and AFM results, we proposed a general defect creation and
removal mechanism in the graphene and MoS2 monolayers by weak Al2O3 plasma
treatment and moderate thermal annealing (Figure 5.15). With regard to the defects induced
by Al2O3 plasmas, sp3-type defects were considered to be formed, as evidenced by the
above Raman analyses (Figure 5.2). During the sputtering of Al2O3 (O=Al-O-Al=O),
imperfect AlxOy structures with oxygen-enriched radicals were produced, which possibly
include O=Al-O-Al-O·, O=Al-O·, ·Al-O·, and ·O-Al-O-Al-O·. These radicals could react
with the graphene and MoS2 lattices and create sp3-type defects in both 2D materials (Figs.
6a and 6b). More specifically, the sp3-type defects in graphene arose from the carbon-

156

oxygen (C-O) bonds, and the sulfur-oxygen (S-O) bonds were formed on the MoS2 surfaces.
With increasing in the sputtering time, the coverage area of AlxOy became higher, leading
to the creation of more sp3-type defects, as evidenced by Raman and PL spectra (Figs. 1
and 3). At some extent of sputtering process, the whole 2D surfaces were covered by AlxOy,
which was the reason behind the defect saturation. It has been reported that the sp3-type
bonds, e.g., C-H and C-O, could possibly be broken by thermal annealing at <
200 °C.[41,67] In the present work, the restoration of defects to the pristine crystal lattices
by thermal annealing could be explained by the detachment of oxygen on the 2D surfaces
by breaking sp3-type bonds (C-O in graphene and S-O in MoS2) (Figs. 6c and 6d). Overall,
our work provides a new approach for reversible defect engineering of 2D materials in a
controllable manner, which is promising for producing next-generation 2D-based
multifunctional devices for various applications.
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5.3 Conclusions
In summary, we have demonstrated a controlled defect creation and removal in
graphene and MoS2 monolayers. The defects were created by weak Al2O3 plasma
treatments and removed by moderate thermal annealing, as evidenced by room-temperature
Raman and PL measurements. By irradiating both graphene and MoS2 with Al2O3 plasmas
under different conditions, these 2D materials with certain defect levels can be obtained.
Interestingly, the subsequent moderate annealing can reverse the defect creation process,
realizing a fully controlled defect engineering. The restored 2D materials have regained
their superior performances in both structure and electrical conductivity. We proposed a
general model for the Al2O3-plasma-treated 2D monolayers, where sp3-type defects were
mainly created at the interfaces between the Al2O3 and 2D monolayers, and the subsequent
moderate annealing could remove such defects to restore their pristine crystal lattices. Thus,
the precision and reversible defect engineering presented in this work opens a new avenue
to tailoring their properties for the development of 2D-materials-based devices with new
functionalities.
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CHAPTER 6
Thermal stability enhancement of vertically
aligned carbon nanotubes by boron nitride
infiltration and GaN/Si encapsulation

6.1 Introduction
6.2 Experiments, results and discussion
6.2.1 Thermal stability evaluation of hexagonal boron nitride
6.2.2 Direct infiltration of boron nitride into carbon nanotubes arrays
6.2.3 Encapsulation of carbon nanotubes arrays by gallium nitride/Si
6.2.4 Characterization of vertically aligned carbon nanotubes-boron nitride composite
structure
6.2.5 Evaluation of the stability enhancement of carbon nanotubes after modification

6.3 Conclusions
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6.1 Introduction
High-temperature electrode applications require the electrode materials to be thermally
stable, chemically inert, and electrically conductive and to possess a certain level of
anticorrosive capability to high-velocity hot gases. Traditional materials for hightemperature electrodes mainly include conducting ceramics (e.g., LaCrO3),[1] aluminabased ceramics,[2−4] zirconia-based materials,5,6 and other oxides (e.g., magnesia[2,7]
and titanium oxide[8,9]). Due to the extreme properties required for the high-temperature
electrode application, it is exceptionally challenging, even impossible, for these singlecompound electrode materials to satisfy all of the requirements. For example, LaCrO3 as a
solid oxide fuel cell electrode generates a large amount of heat during operation,[10,11]
which causes the operating temperature to be significantly elevated. Most of the oxide
ceramics are insulators and are only conductive under certain conditions.[2] On the other
hand, novel electrodes, such as thin film electrode materials, have recently become
popular.[12−16] They are, however, not thermally stable when the operating temperature
is higher than 1000 °C. Considering the various limitations of these single-compound
materials, combining two or more materials with different physical and chemical properties
to form an integrated structure, such as metal/ceramic composite structures, may achieve
the required functionalities, as mentioned above.
Carbon-based ceramic composites are drawing much attention today due to their
multifunctional properties, such as good electrical conductivity, strong mechanical
strength,[17,18] and good antioxidative ability (up to 650 °C).[18,19] Carbon nanotube
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(CNT)/ceramic composites, in particular, have demonstrated excellent properties in many
aspects, especially good mechanical and excellent electrical properties.[20] To achieve
better electrical and thermal conductivities in CNT/ceramic composites, vertically aligned
carbon nanotube (VACNT)-based ceramic composites are preferable due to the
conductivity anisotropy of the VACNT conducting network along the axial direction.[21]
Common ceramics used in VACNT/ceramic composites include silicon carbide (SiC),[22]
graphite,[23] alumina,[24] mullite,[25] silicon (Si),[14,26] and various nitrides.[27,28]
However, the existing VACNT/ceramic composites have poor antioxidative capabilities,
making them unsuitable for high-temperature electrode applications. To address this issue,
ceramics are required to be uniformly and densely deposited both inside and outside the
VACNTs, forming infiltrated VACNT/ceramic composites, which can protect VACNT
arrays from oxidation, corrosion, and erosion under the extreme harsh circumstances.
However, achieving a uniform mixture of different phases remains a big challenge,
especially for bulk VACNTs due to their high aspect ratio.[20] As we know, the average
intertube distance in VACNT arrays (without any pretreatments) is less than 10 nm.[29] In
such high-density VACNT arrays, once a layer of ceramic thin film forms on the top
surface of the VACNTs, ceramics will stop growing inside the VACNTs due to the
blocking effect of the densely formed ceramic films. Several studies have demonstrated the
ability to successfully achieve CNT/ceramic composites through the incorporation of
relatively low-density CNTs in ceramic matrices using a sintering[30] or hot pressing
technique.[31] However, in these composites, CNTs were used as reinforcement dispersed
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in a matrix instead of using their unique dimensionality and the desired properties (such as
electrical and mechanical anisotropies in VACNTs). Recently, it has been reported that
atomic layer deposition (ALD) is effective to obtain uniform infiltration of ceramics (Al2O3)
in O2-plasma-treated VACNT arrays.[32] Despite some progress made so far, the direct
infiltration of ceramics into dense VACNTs arrays without any pretreatments is still a big
challenge. We believe that chemical vapor infiltration via thermal chemical vapor
deposition (CVD) will allow simultaneous growth of ceramics from inside to outside of
VACNTs, resulting in the fabrication of highly uniform and dense VACNT/ceramic
composites.

6.2 Experiments, results and discussion
6.2.1

Thermal stability evaluation of hexagonal boron nitride

Thermal stability of h-BN and CNT-BN composite structures
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Figure 6.1 Oxidation resistance of as-grown h-BN thin film. (a-d) Optical images of
the 60-nm-thick h-BN film after continuous oxidation in air at (a) 400, (b) 600, (c) 800
and (d) 1000 °C. Oxidizing duration is 60 min for each temperature. Inset in (d) shows
the height profile of h-BN after oxidation at 1000 °C. (e) Raman spectra of the h-BN
film after oxidation testing at different temperatures. (f) The E2g and FWHM as a
function of the oxidation temperature.
Despite h-BN film has been successfully synthesized, the thermal stability in air of hBN film itself remains unknown. The stability of h-BN under high temperature is critical
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for our application of using h-BN to serves as a protective layer. The cracks could also be
a main concern because they can be potential penetrating sites for oxygen. The oxidation
resistance experiment was carried out using an RTP furnace in air at temperatures ranging
from 400 to 1000 °C. The controlled temperature ramp rate is 10 K/s and the temperature
was held at oxidation temperature for 10 min before fast cooling began. It should be noted
that the samples tested were transferred from copper substrate onto SiO2/Si substrate.
Figures 6.1a-d compare the same area of the sample after each oxidation experiment. As
shown in Figure 6.1a, h-BN film has no noticeable oxidation occurred after annealing in
air at 400 °C for 10 min. After being further annealed at 600 °C for another 10 min, the
overall structure of the film still remains the same (Figure 6.1b), although some impurities
and small cracks are removed. This yielded a smoother surface but reduction in film
thickness is also expected. The thickness of the film was significantly reduced after the
sample was annealed at 800 °C for another 10 min (Figure 6.1c). The reduction in h-BN
film thickness could be considered to be due to parts of poor-quality h-BN was oxidized
and the remaining film corresponds to relatively high-quality sample. After annealing at
1000 °C afterward, film thickness was reduced with a small amount but the remaining film
stayed strong in their original form (Figure 6.1d). As 1000 °C is close to the theoretical
limit of thermal stability of h-BN, the remaining film is considered to be with excellent
quality. Figure 6.1f shows the temperature-dependence of Raman E2g peak position and
full width half maximum (FWHM).
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Figure 6.2 Oxidation resistance of CNT-BN composite structures. (a) Low and (b,c)
high magnification SEM images of VACNT pattern samples. (d) Low and (e,f) high
magnification SEM images of VACNT-BN composite structures after oxidation in air
at 600 °C for 30 min, where the shrink for composite structure is clearly observed.
Insets in (a,d): photos of each sample. (g) Typical XPS survey scan spectra of the pure
VACNTs (black), CNT-BN composite structures before (red) and after (blue)
oxidation testing.
The red-shift for E2g peak position indicates the reduction of h-BN film thickness,
consistent with optical imaging observation. In addition, there is a significant decrease in
FWHM of E2g peak with annealing temperature, further supporting the positive quality
change at high temperature. It is noted that the film after 1000 °C annealing was very thin,
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thus no Raman signal can be detected.
Patterned CNT pillar arrays were also continuously being produced for BN coating.
This kind of structure can help us research the CNT-BN composites more easily at the edge
of VACNT and substrate, and the sidewall of VACNT pillars. Figures 6.2a-c show typical
samples of VACNT pillar arrays with an average pillar diameter of ~ 1 mm and adjacent
spacing of ~ 2 mm, which is consistent with our mask design. The VACNT sidewall and
top are shown in Figures 6.2b and 6.2c, respectively. After being coated with h-BN, there
is no obvious change in the structure of VACNT pillars. Figure 6.2d shows a typical BNcoated VACNT pillar after being annealed at 600 °C in air for 10 min. The internal used to
be filled with VACNTs is now almost empty, with only a small portion in the middle
remains “black colored”. However, no Raman signal from CNTs could be obtained within
that area. Another area is now empty, which causes the h-BN cover to collapse, forming
the white colored structure (inset in Figure 6.2d). Figure 5e suggests that the h-BN cover
keep the tube structure of the CNTs on the sidewall, and the top view in Figure 6.2f shows
the h-BN preserved the CNTs structure very well. These results indicate that even though
h-BN is covering the surfaces of VACNT pillar but the vacancy is not affected, namely,
only small CNT fibers closed to the outside are covered with h-BN. Since the vacancies
between fibers are not filled up by h-BN due to its slow deposition rate (~ 30 nm/h), h-BN
coating cannot prevent outside oxygen from penetrating inside the coating, which leads to
the total oxidation of VACNTs inside. Though XPS result in Figure 5g indicates that C(1s)
peak still exists after annealing in air, whether it is originated from CNTs or carbon
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impurities remains unknown.
Table 6.1 Comparison of several materials with potential applications as chemically
stable high-temperature coatings.

Since h-BN coating itself cannot act as anti-oxidization layer alone, we started to look
further into other ceramic materials which usually exist in the form of dense film, expecting
to aid or replace h-BN as composite protective layers. Typical properties of selected
materials such as Al2O3, GaN and SiO2 are listed in Table 6.1. All of these materials have
very excellent thermal stabilities. Among these materials, GaN is superior because except
being a semiconductor with a bandgap of 3.4 eV, it also has high thermal conductivity of
1300 mW·cm-1K-1, which is rather impressive compared to the other two. Since both Al2O3
and GaN are easier to synthesize in our lab, we next tested the thermal stability of Al2O3
and GaN, and then fabricated VACNT-Al2O3 and VACNT-Al2O3-GaN composite structures
for oxidation resistance measurements.
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Thermal stability of Al2O3 and CNT-Al2O3 composite structures
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Figure 6.3 Testing the sputtered Al2O3 thin film as oxidation-resistance coatings. (a-c)
Optical images of (a) an exfoliated few-layer graphene sample, (b) graphene coated
with about 30-nm-thick Al2O3 film, and (c) graphene-Al2O3 after high-temperature
(800 °C) annealing in argon condition for 60 min. (d-i) Optical images of the
graphene-Al2O3 samples after oxidation in air for 30 min at (d) 500, (e) 600, (f) 700,
(g) 800, (h) 900, and (i) 1000 °C, respectively. (j) Raman spectra of the few-layer
graphene with Al2O3 coatings before and after oxidation testing at different
temperatures.
In this section, the potential of Al2O3 thin film as oxidation-resistance coating was
investigated. 2D material turns out to be much easier for oxidation characterization and
Al2O3 coating is also easily to be controlled on 2D material. Here, mechanically exfoliated
graphene was selected as the base material for this experiment due to its high quality and
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similar oxidation resistance property with CNTs. Figure 6.3a shows an optical image of
original few-layer graphene sample with different thicknesses. The graphene sample was
then coated with Al2O3 film by magnetron sputtering. To prevent graphene from being
damaged by plasma, extremely low sputtering power was first used and ramped up to 200
W immediately after the first layer of Al2O3 was formed on top of the graphene. A ~ 60nm-thick Al2O3 was coated and the formed graphene-Al2O3 composite structure is shown
in Figure 6.3b. Some damage seems introduced to the graphene sample, which is evidenced
by the appearance of the D-peak in Raman spectrum (red line in Figure 6.3j). To improve
the crystallization of the Al2O3 coating, the sample was immediately annealed in Argon for
30 min. The sample surface after annealing gained some damage mainly caused by Al2O3’s
thermal expansion cracking. Interestingly, the D-peak in the Raman spectrum of grapheneAl2O3 disappeared after this annealing process, indicating that the overall quality of the
graphene was cured. After that, several oxidation tests were carried out using a tube furnace.
The sample was gradually oxidized during the experiment, from 500 to 700 °C, and finally,
almost all etched away by oxygen at 800 °C. At the moment there were still some other
graphene samples remained on the substrate, so the experiment was continued till 1000 °C
using samples from another area. Although graphene was gradually oxidized, the oxidation
always occurred first from the cracks, indicating that the oxygen penetrated through the
cracks of Al2O3, but other area remained intact. Different surface smoothness of the
graphene sample also resulted in different coating qualities, as shown in Figure 6.3i, some
area has been totally oxidized (green area in the center) but another area is not affected,
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and the quality indicated by Raman spectra (Figure 6.3j) remains pristine.

Figure 6.4 Fabricating VACNT-Al2O3 composite structures. (a) Schematic illustration
of the fabrication process of VACNT-Al2O3 composite structures. Step 1: Patterning
of the CNT growth catalyst (Fe/Al2O3) on a SiO2 substrate using photolithography.
Step 2: growth of VACNTs on SiO2/Si substrate. Step 3: Al2O3 film is coated on the
patterned CNTs by sputtering. (b) Perspective and (c) top views of SEM images of
patterned VACNT-Al2O3 composite structures. (d) SEM image of one typical VACNTAl2O3 composite pillar. (e) High magnification SEM image of the top view for the same
VACNT-Al2O3 composite pillar shown in (d).
Therefore, solving the cracking issue may help the anti-oxidation performance greatly.
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Further investigation regarding Al2O3’s effect was carried out by using patterned VACNTs
with limited height (Figure 6.4), for easier comparison. Figure 6.4a illustrates the
fabricating process of VACNT-Al2O3 composite structure. Step 1: patterning of the CNT
growth catalyst (Fe/Al2O3) on a SiO2 substrate using photolithography. Step 2: growth of
200-um-long VACNTs on SiO2/Si substrate. Step 3: 120-nm-thick Al2O3 film is coated on
the patterned CNTs by sputtering. The fabricated VACNT-Al2O3 composite structures
patterns are shown in Figures 6.4b-c, where the general structures of VACNT cube were
not changed too much after Al2O3 coating. The top view of VACNT-Al2O3 composite cube
(Figure 6.4e) shows clear signs of Al2O3 deposition with large particles and thick tubes.

178

Figure 6.5 In situ testing the oxidation resistance of VACNT-Al2O3 composite
structures. (a) A picture showing a patterned VACNT-Al2O3 composite sample on the
left and a pure VACNT film on the right. (b-h) Photographs of the same VACNTAl2O3 composite structure after 10 min oxidation in air at each temperature: (b) 400,
(c) 450, (d) 500, (e) 550, (f) 600, (g) 650, and (h) 700 °C.
The VACNT-Al2O3 composite structure oxidation resistance testing experiment was
carried out from 400 to 700 °C with an increment of 50 K. The temperature was maintained
at each point for 10 min. Figure 6.5a shows the patterned VACNT-Al2O3 composite sample
(left) and a pure VACNT film (right) as a comparison. There is no noticeable oxidation
occurring below 500 °C (Figure 6.5b-d) for both samples. At 550 °C, VACNT film showed
some signs of oxidation while the VACNT-Al2O3 composite sample remained the same
(Figure 6.5e). More oxidation was occurred at 600 °C for VACNT film, while VACNTAl2O3 composite sample showed little oxidation (Figure 6.5f). When the temperature is
increased to 650 °C, VACNT film was completely oxidized, while there are some CNTs
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for VACNT-Al2O3 composite sample (Figure 6.5g). At 700 °C, CNTs in VACNT-Al2O3
composite sample were also fully oxidized, with white Al2O3 coating kept the shape of
CNT cubes. Thus, we can conclude that 120-nm-thick Al2O3 coating was not sufficient in
terms of preventing CNT from oxidation, but had some effect in slowing the oxidation
process down significantly.
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Figure 6.6 Oxidation resistance of another VACNT-Al2O3 composite structures. (a) A
photo and (b-d) SEM images of VACNT-Al2O3 composite sample. (e) A photo and (fh) SEM images of VACNT-Al2O3 composite structures after oxidation in air at 600 °C
for 30 min, where the serious shrink for composite structure is observed.
Considering the distance between adjacent CNT cubes in the above photolithography
prepared sample (Figure 6.6) is very tight compared to the 200 μm height, there are some
significant shading during sputtering of Al2O3, which actively prevents the Al2O3 coating
from covering the sidewall and some edges. This results in a much thicker Al2O3 coating
on top surfaces of VACNTs and relatively thinner Al2O3 coating along the VACNT side
face. To improve this situation, another VACNT-Al2O3 composite structure was fabricated
by sputtering Al2O3 on VACNT pillar patterns prepared by shadow mask, with height of
less than 1 mm and adjacent pillar spacing of ~ 2 mm (Figure 6.6a-c). As shown in figure
6.6d, the VACNTs remain super straight after Al2O3 coating. After the oxidation testing at
600 °C for 30 min, the CNTs in the VACNT-Al2O3 composite structure were still oxidized
but has an entirely different collapsing pattern (Figure 6.6e, 6.6f). It is obvious that Al2O3
coating exhibits better strength on the sidewall compared to h-BN coating, and surprisingly
the overall “pillar” structure was not damaged too much, only had some rips caused by
gravity (Figure 6.6g, 6.6h). Judging by the structure’s intactness, the cause of final CNT
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oxidation could be caused by oxygen penetrating through gaps between VACNT fibers at
the VACNT-Al2O3 sidewall, where Al2O3 coating is only covering CNT fibers.
6.2.2

Direct infiltration of boron nitride into carbon nanotubes arrays

Fabrication of VACNT-BN infiltrated composite structures
Since the thick BN films with excellent antioxidative ability were successfully
obtained, we started to fabricate VACNT-BN infiltrated composite structures. A 50-μmthick VACNT sample was loaded into the CVD chamber. Then, the BN deposition was
carried out at 1080 °C for 180 min. After the deposition, the VACNT-BN composites were
halved and characterized using cross-sectional SEM imaging (Figure 6.7a). It can be seen
that the VACNT-BN composites still demonstrated the fiber-shaped structure of VACNTs.
The difference is that nanotubes were fully covered by thick BN layers, and the space
between the tubes was properly filled (Figures 6.7b-6.7e). In addition, the distribution of
BN deposition from top to bottom was similar and uniform, which indicates that dense and
uniform VACNT-BN infiltrated composites could be achieved after further optimization.
The cross-sectional Raman mapping shown in Figures 6.7h-6.7i further indicates a uniform
BN coverage and the successful formation of an infiltrated VACNT-BN composite
structure.
We also fabricated the other VACNT-BN composite structure by depositing BN via
thermal CVD at 1100 °C for 180 min (Figure 6.8). The cross-sectional SEM image in
Figure 6.8a clearly shows that the as-grown sample was composed of a lower section of
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VACNT-BN and an upper section of thick BN film, corresponding to a thickness of ~ 11
μm and ~ 14 μm, respectively. Compared to the VACNT-BN composites obtained at
1080 °C (Figure 6.7), the amount of BN in the VACNTs increased when the BN deposition
temperature was increased to 1100 °C (Figures 6.8d and 6.8e), indicating much more
efficient infiltration for the VACNT-BN composites obtained at a higher growth
temperature. The VACNTs covered by much thicker BN are expected to improve their
high-temperature oxidation stability.
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Figure 6.7 Characterization of VACNT-BN composite structures grown at 1080 °C for
180 min. (a) Cross-sectional SEM image. (b-e) High-magnification SEM images of the
dashed squares in (a) from top to bottom. (f-i) Cross-sectional Raman mapping: (f)
Raman mapped area, Raman intensity mapping of the (g) E2g band from h-BN, (h) G
band from VACNTs, and (i) Si peak from SiO2/Si substrate.
To further study the structure of the VACNT-BN, cross-sectional SEM images are
obtained and are shown in Figure 6.8a. During the BN growth, BN first infiltrates into the
VACNT array, then accumulates on the top surface, forming a thick h-BN layer. As can be
seen in Figure 6.8a, the h-BN layer on top demonstrates a layered structure while the
VACNT-BN region exhibits its original vertical aligned feature. The magnified SEM image
(Figure 6.8b) shows a clearer view of the layered BN structure. Different boundaries are
labeled by the yellow dashed lines, indicating the evolution of h-BN layers, from small
fractions into bigger plains. The small fractions are the consequence of direct growth on
rough VACNT surface. Figure 6.8c demonstrates the clear boundary of VACNT-BN and
BN regions. Figure 6.8d shows the magnified VACNT-BN region. As can be seen, the
original VACNT “fiber” structure can still be distinguished, however heavily coated by BN.
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Figure 6.8 Morphology characterization of VACNT-BN composite structures grown
at 1100 °C for 180 min. (a) Cross-sectional SEM image. (b-e) High-magnification SEM
images of the dashed squares in (a) from top to bottom.
Figure 6.9b compares the Raman spectra of VACNT-BN composite structures
measured at three different positions: the upper BN film, the lower VACNT-BN, and the
SiO2/Si substrate. Cross-sectional Raman intensity mapping in Figures 6.9c-6.9e replicates
the morphology shown in the SEM images of Figure 6.8. Figure 6.9c shows the Raman
intensity mapping of h-BN in the VACNT-BN composites. In the BN film section, the upper
section of the layered BN film had stronger peak intensity than that of the lower section of
particle-like BN film; while the VACNT-BN section had a h-BN peak intensity distribution
similar to that of the particle-like BN film, suggesting a uniform distribution of BN around
the VACNT area. Raman intensity mapping of the G-band in Figure 6.9d directly proves
that VACNTs still existed inside the heavy coating of BN. The FWHM mapping in Figure
6.9f shows a uniform quality distribution of BN around the VACNT area. However, the
quality of BN in the VACNT area was lower than that of the upper BN film, as evidenced
by a much narrower FWHM in the upper BN film.
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Figure 6.9 Cross-sectional Raman mapping characterization of VACNT-BN
composite structures grown at 1100 °C for 180 min. (a) Raman mapped area of the
as-grown VACNT-BN composites. (b) Typical Raman spectra for the upper BN film,
lower VACNT-BN, and SiO2/Si substrate. (c-e) Cross-sectional Raman intensity
mapping of (c) h-BN, (d) VACNT, and (e) SiO2/Si substrate. (f-h) Cross-sectional
FWHM mapping of (f) h-BN, (g) VACNT, and (h) SiO2/Si substrate.
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Figure 6.10 Cross-sectional SEM images and Raman mapping of VACNT-BN. (a)
Cross-sectional SEM image of VACNT-BN on SiO2/Si substrate. SEM image of (b) the
top h-BN area, (c) middle area and (d) bottom area. (e) Optical image of Raman
mapping area. (f) E2g-band and (g) G-band intensity mapping.
Raman mapping results are shown in Figure 6.10e-6.10g. The mapped area is shown
in Figure 6.10e. As can be seen from the E2g-band intensity mapping, which represents the
h-BN distribution along the cross-section, the top h-BN layer and VACNT-BN layer both
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demonstrates strong BN signal. The G-band intensity mapping, which represents VACNTs,
proves the existence of VACNTs inside the VACNT-BN region.
Fabrication of VACNT-BN infiltrated composites using millimeter long patterned VACNTs
as a template

Figure 6.11 SEM images of VACNT-BN. VACNTs (a) before and (b) after BN
infiltration. Inset in (b) shows magnified single VACNT-BN cubic structure. (c) Top
and (d) side view of ultra-long VACNT-BN matrix. (e) Top and (f) side view of single
cubic VACNT-BN structure.
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To investigate the infiltration status of BN into longer VACNT arrays (~1.3 mm), ultralong VACNTs in cubic pattern were prepared. These patterns vary from 30 μm X 30 μm to
300 μm X 300 μm, to compare infiltration in different directions. Figure 5a shows an as
prepared patterned VACNT sample. Figure 6.11b presents an as prepared VACNT-BN
sample, after 3 hr BN growth. As can be seen, the surface of the CNTs has turned into
grey/white color, which indicates good BN coverage. Figure 6.11b-6.11f presents VACNTBN cubes from different angles. VACNT-BN cubes remain their original cubic shape, with
no cracking can be observed.

189

Figure 6.12 Cross-sectional SEM images of single ultra-long VACNT-BN cubic
structure，top to bottom. (a) Over-view of the cross-section of the VACNT-BN cube.
(b-i) Magnified SEM images of areas (b-i) shown in (a).
One VACNT-BN was carefully removed from the substrate, and cut in half, to
investigate the inner structure, as shown in Figure 6.12a. The growth direction of VACNT
is labeled, and points from top to bottom, labeled as (b) to (i) were investigated. Figure
6.12b to 6.12i show the magnified SEM images of the designated areas. As can be seen,
thick, coated fiber structure are present throughout the whole sample, indicating very good
infiltration and uniformity. Note that in figure 6.12i, the BN coating looks much denser,
since it is very closed to the substrate, where the growth rate of BN is higher.
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Figure 6.13 Cross-sectional SEM images of single ultra-long VACNT-BN cubic
structure，side to side. (a) Over-view of the cross-section of the VACNT-BN cube. (bg) Magnified SEM images of areas (b-g) shown in (a).
After confirming the uniformity from top to bottom of the sample, we look further into
the uniformity from side to side. At the bottom area of the sample shown in Figure 6.13a,
six points were investigated and labeled as (b) to (g). Two thick BN layers (~10 μm) on
each side can be seem in Figure 6.13a,6.13b and 6.13g. Across these six points, heavily
coated fiber structures are shown, with no significant change in density and shape, again
indicating very good infiltration uniformity.
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6.2.3

Encapsulation of carbon nanotubes arrays by gallium nitride/Si

Preparation of CNT-Al2O3-GaN composite structures for thermal stability testing
A lot of information indicates that GaN is an exceedingly stable compound exhibiting
significant hardness. It is this chemical stability at elevated temperatures combined with its
hardness that has made GaN an attractive material for protective coatings. GaN film as
high-temperature protective coatings for CNTs was produced and its oxidation resistance
was investigated.

Figure 6.14 The schematic experimental setup of a home-built LMOCVD system for
GaN growth.
The schematic experimental setup of a home-built LMOCVD system is shown in
Figure 6.14. The GaN films were grown on different substrates, including p-typical Si (100),
VACNT films, and CNT-Al2O3 composite structures. The processing parameters used for
the growth of GaN coating and VACNT-Al2O3-GaN composite structures is shown in Table
6.2. Trimethylgallium (TMGa) and NH3 were used as the Ga and N precursors, respectively.
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The LMOCVD chamber was evacuated to a base pressure of 1×10-3 Torr. The flow rate of
NH3 was maintained at 54 mmol/min. The TMGa was carried into the growth chamber
using a N2 at a flow rate of 88 μmol/min. The chamber pressure during the growth process
was maintained at ~ 100 Torr. A continuous-wave CO2 laser with wavelength of 9.201 μm
was used as the irradiation source to heat the substrate. The GaN epilayer was grown at
900 °C for 5 to 10 min. The substrate temperature was monitored using a pyrometer.
Table 6.2 Processing parameters used in the growth of GaN coating and VACNTAl2O3-GaN composite structures.
Parameters

Values

Laser power

100 W

Laser wavelength

9.201 μm

Growth temperature

900 °C

Growth time

5 min

Precursors

TMGa + N2, NH3

NH3 flow rate

54 mmol/min

Carrier gas (flow rate) N2 (88 μmol/min)
Chamber pressure

100 Torr

Direction

Laser was irradiated in backside of the
sample
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Figure 6.15 Testing the thermal stability of GaN films as thick oxidation-resistance
coatings. (a) Top view and (b) cross-section of SEM images of the GaN films deposited
on Si substrate. (c) Top view and (d) cross-section of SEM images of the GaN films
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after oxidation in air at 800 °C for 30 min. (e) The Raman spectra of the GaN films
before (blue) and after (red) oxidation testing.
Figure 6.15a show the top view SEM image of the GaN film deposited on Si substrate
for 5 min to used for oxidation testing. The cross-sectional SEM in Figure 6.15b indicates
that the GaN has a thickness of ~ 5 μm, corresponding to a fast deposition rate of ~ 1
μm/min. Figure 6.15e shows a typical Raman spectrum of as-grown GaN sample (blue
line). Two prominent Raman shifts at around 567 and 733 cm-1 are observed, corresponding
to the GaN E2H and A1(LO) phonon modes. These modes originate from the vibrational
states in the wurtzite GaN epitaxial layer. For oxidation resistance testing, GaN film was
placed in a tube CVD furnace and annealed in air at 800 °C for 2 h before cooling to room
temperature naturally. Comparing the surfaces of GaN film (Figure 6.15a) before and
(Figure 6.15c) after oxidation experiment, the crystal quality was observed to be improved
after 800 °C annealing, even exposed in oxidation environment. The round-shaped GaN
particles (Figure 6.15a) were transformed into high crystalline surfaces (Figure 6.15c). It
is also observed that the thickness of GaN film was not reduced after the oxidation,
indicating its excellent thermal stability. In addition, no observation of change in Raman
spectra and no appearance of Raman signal of gallium oxides after high-temperature
oxidation demonstrate that the as-grown GaN exhibits a good oxidation resistance
performance (Figure 6.15e).
Since the excellent anti-oxidation ability of GaN has been confirmed, a sires of
attempts of fabricating VACNT-GaN composite structures were carried out. To better
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examine the coating quality on the sidewall, edges and corners, patterned VACNTs were
chosen for GaN growth instead of VACNT film. First, a 2 × 2 mm2 square VACNT pattern
was prepared by magnetron sputtering shadow masks. The height of VACNT was
controlled within 1 mm for easier characterization. 30-nm-thick Al2O3 was then sputtered
onto the CNT surface as a protective layer for VACNTs from the corrosive synthesis gas
environment of GaN growth. Figure 6.16a shows the photograph of one typical VACNT
sample coated with a thin layer of Al2O3 and a thick GaN film, forming VACNT-Al2O3GaN composite structure. Figure 6.16c compares the Raman spectra of GaN film on
SiO2/Si substrate and CNT-Al2O3-GaN composite structure. It can be seen that, after
VACNTs were coated with Al2O3-GaN, Raman signal from CNTs cannot be detected,
indicating of a thick and uniform Al2O3-GaN coverage. Figure 6.16b shows the top view
SEM image of the VACNT-Al2O3-GaN composite structure. Edge of the structure and the
connection area between sidewall and substrate is not sharp, which is caused due to the
limitation of the shadow mask. Figure 6.16d-f show the magnified cross-sectional SEM
images of VACNT-Al2O3–GaN composite edge region: (d) top edge, (e) middle sidewall,
and (f) bottom edge (6.16f). Although the GaN growth condition has been optimized, a
small crack still can be seen near the bottom edge region (inset in Figure 6.16f).

196

Figure 6.16 Deposition of Al2O3 and GaN coatings on large VACNT films to realize
VACNT-Al2O3–GaN composite structures. (a) Photograph. (a) Low magnification
SEM image. (c) Raman spectra of the GaN film deposited on SiO2/Si substrate and
CNT- Al2O3–GaN composite structure. (d-f) Magnified cross-sectional SEM images of
VACNT-Al2O3–GaN composite edge region: (d) top, (e) middle, and (f) bottom.
To improve the quality of GaN coating in order to conduct oxidation tests accordingly,
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the improved patterned VACNTs with sharp edges were obtained via photolithography in
various sizes. Overall photo and SEM view of the VACNT-Al2O3-GaN composite structure
are shown in Figure 6.17a and 6.17b, respectively. During multiple attempts of GaN
coating, samples in bigger sizes are prone to cracks and failure, while coating success rate
is very high for middle sized cubes and smaller ones which have no noticeable GaN cracks
and 100 % GaN coverage. Detailed view of one typical CNT-Al2O3-GaN composite cube
structure is shown in Figure 6.17c-e. To ensure the VACNTs are still intact inside the GaN
coating, some cube composite structures were gently and precisely removed from the
substrate and transferred onto new substrate with its bottom facing up (Figure 6.17f). It can
be seen that VACNTs remain its original shape and structure, despite some cracks were
formed during the transfer process due to low bonding force between VACNT fibers. High
magnification SEM images in Figures 6.17g and 6.17h indicates that a ~ 1-um-thick GaN
layer was uniformly coated onto the CNT-Al2O3 composite structure and bonded very well
to the CNT-Al2O3 surfaces.
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Figure 6.17 Deposition of Al2O3 and GaN coatings on patterned VACNT pattern
sample to form patterned VACNT-Al2O3–GaN composite structures. (a) Photograph.
(a) Low magnification SEM image. (c-e) SEM images of one typical VACNT-Al2O3–
GaN composite pillar with different magnifications. (f-h) SEM images of the bottom
region for one VACNT-Al2O3–GaN composite pillar with different magnifications.
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Fabrication of VACNT-GaN composite structures and their oxidation resistance property

Figure 6.18 Fabricating VACNT–GaN composite structures. (a) Illustration of the
fabrication process of VACNT-GaN composite structures on SiO2/Si substrate. (b)
Optical image and (c) low magnification SEM image of one typical patterned VACNTGaN composite structure.
Since the excellent antioxidation ability of GaN was confirmed during, a series of
attempts to fine-tune the VACNT-GaN composite structures was carried out. To better
examine the quality of the GaN coating on the sidewall, edges, and corners, small patterned
VACNT cube arrays in three different sizes were chosen for GaN growth. First, square
patterns were prepared by photolithography on silicon dioxide/silicon (SiO2/Si) substrate.
Then, 10 nm of Al2O3 and 2 nm of iron (Fe) catalysts were deposited onto the substrate in
sequence by sputtering. Carbon nanotube supergrowth was carried out afterwards. The
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growth time was limited to 10 min in order to control the length of the VACNT cubes.
Clean and tidy cubic VACNT structures were obtained prior to GaN coating.

Figure 6.19 The oxidation resistance testing of patterned VACNT–GaN composite
structures. SEM images of typical VACNT-GaN composite cubes (a,b) before
oxidation, and (c-h) after oxidation in air for 10 min at different temperatures: (c,d)
600, (e,f) 700, and (g,h) 800 °C.
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An intermediate layer of 20 nm of Al2O3 was deposited before GaN coating, in order
to protect the CNTs from being etched by the corrosive atmosphere during the GaN growth.
Then, a layer of over 1 μm thick GaN was deposited onto the surfaces of the CNT cubes in
an LMOCVD system at 900 °C for 5 min (Figure 6.18a). Figure 6.18b shows an optical
image of the VACNT cube arrays after being coated by GaN, forming VACNT-GaN
composite structures. A more detailed view of the cube array can be seen in Figures 6.18c
and 6.19a.
After examining the integrity of the VACNT cubes coated with GaN from the outside,
fully covered, defect-free, and crack-free VACNT-GaN cubes were chosen for the
following oxidation resistance tests (Figure 6.19). The as-prepared VACNT-GaN
composite structures were oxidized in a muffle furnace, ranging from 600 to 800 °C. After
each oxidation session, some cubes were removed from the substrate to check the CNTs
inside the GaN coating. As can be seen from the backside of the sample (Figure 6.19a),
CNT-GaN core-shell composite structures were formed where the thickness of the GaN
coating was ~ 1 μm. After being oxidized at 600 °C for 5 min, VACNTs inside the GaN
coating were not affected (Figures 6.19c and 6.19d). The VACNTs began to be oxidized
after the sample was treated at 700 °C and ended up in a trapezoid shape (Figure 6.19e).
This shape indicated that the oxidation initiated at the bottom edges and the sidewall.
However, there is no clear evidence showing that the top surface also leaked oxygen inside.
A careful observation revealed that the density of CNTs decreased significantly as the
oxidation temperature increased, where more vacant areas were generated in VACNTs at
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700 °C (Figure 6.19f) compared to VACNTs at 600 °C (Figure 6.19d). After being oxidized
at 800 °C for 5 min, all of the VACNTs inside the GaN coating disappeared (Figure 6.19g),
while only GaN coating and the intermediate Al2O3 coating can be seen (Figure 6.19h),
suggesting that VACNT-GaN composite structures have a poor oxidation resistance
property.
This series of oxidation experiments suggest that GaN alone did not serve well as a
protective layer, due to the difficulties in fabricating crack-free and tightly wrapped GaN
coating on VACNT surfaces. During the GaN growth process, heat was provided by a high
power carbon dioxide (CO2) laser with an extremely high ramp rate in temperature. This
led to very fast GaN growth and introduced a lot of cracking in the GaN outside of the
VACNTs. Furthermore, many VACNT cubes were found to have peeled off during the GaN
coating process, which was considered to be due to the mismatch in the thermal expansion
rate between VACNTs and the SiO2/Si substrate. The connection between VACNTs and the
SiO2/Si substrate was disturbed during the fast-heating process, which caused a weak
connection between the bottom edge of the VACNT-GaN cubes and the substrate. This
explains why most of the oxygen leakage came from the bottom edges. To improve this
situation, laser heating should be avoided.
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Fabrication of CNT-GaN-Si composite structures and their oxidation resistance property
In order to improve the electrical property as well as to utilize the outstanding
oxidation resistance that the silicon coating can provide, a GaN intermediate layer was
introduced into a VACNT-Si composite structure to prevent silicon from infiltrating inside
the VACNT cube. Since a VACNT-GaN core-shell composite structure has good electrical
conductivity, the conductivity of the VACNT-GaN-Si composite structure was not
compromised.
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Figure 6.20 Fabricating VACNT–GaN-Si composite structures. (a) Illustration of the
fabrication process of CNT-GaN-Si composite structures. (b) Photography of one asgrown patterned VACNT–GaN-Si composite structure. (c) Low magnification SEM
image.

Figure 6.21 (a-c) SEM images of one typical VACNT-GaN-Si composite pillar:

(a)
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top view, (b) side view, (c) bottom edge view. (d-f) SEM images of the bottom region
with different magnifications: (d) top-down view, and (e,f) detailed edge view.
As shown in Figure 6.20a, the illustration explains the fabrication and the basic
structure of this three-layered VACNT-GaN-Si composite structure. First, a VACNT-GaN
sample was fabricated, as described in Section 2.3.1. Then the VACNT-GaN sample was
coated with Si via a thermal CVD system for 30 min. The thickness of the GaN-Si bilayer
coating was ~ 1 μm in total, with around 500 nm for each layer. Figure 6.20b shows a
picture of one typically patterned VACNT-GaN-Si composite structure. An SEM image of
the same sample is shown in Figure 6.20c. It can be seen that the cubic structure was not
affected by these coating processes, and only a few cubes were lost during the GaN growth
due to rapid heating via a CO2 laser. Detailed SEM images of the VACNT-GaN-Si
composite structure are shown in Figure 6.21. Figures 6.21a-c show the top, side, and
bottom edge views of one typical cube sample. No CNTs can be observed on the outside
of the VACNT-GaN-Si composite structure, indicating that the VACNT cube was fully
covered by GaN-Si coating without any cracks. The inserts of Figures 6.21a-c show that a
layer of silicon was deposited on the whole surface of the VACNTs. During the VACNTGaN-Si fabrication process, the laser power and dwell time was fine-tuned to minimize the
stress that was introduced by heat while maintaining a smooth surface and good GaN
coverage. In addition, Si coating afterward further covered the potential thin areas and the
nanoscale cracks so that the VACNTs inside were fully covered and protected from oxygen
exposure.
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To improve the quality of GaN-Si bilayer coating for oxidation resistance tests, the
patterned VACNTs with sharp edges were designed and obtained via photolithography in
various sizes. Scanning electron microscopy images of one typical VACNT-GaN-Si
composite structure are shown in Figures 6.21a-c. During multiple attempts of GaN coating,
samples in bigger sizes were prone to cracks and failure, while the yield was very high for
middle-sized cubes and smaller cubes which had no noticeable GaN cracks and 100% GaN
coverage. Detailed views of the same cube structure are shown in the inserts of Figures
6.21a-c. To ensure that the VACNTs were still intact inside the bilayer coating, some cube
composite structures were gently and precisely removed from the substrate and transferred
onto a new substrate with their bottoms facing up (Figure 6.21d). As can be seen, the
VACNTs retained their original shape and structure. Unlike VACNT-GaN, VACNT-GaNSi is very strong. There were no cracks or damage generated during the transfer process.
Only a very small portion of CNTs that were close to the sidewall were penetrated by GaN,
forming a dense crystalized region (Figure 6.21e). Accept for these areas, CNTs in most of
the other areas were not affected. Figure 6.21f shows a magnified view of the GaN-Si
bilayer coating outside the VACNTs, where GaN and Si layers can be clearly distinguished,
as marked by the green and orange lines. Although the GaN-Si bilayer coating was only
around 1 μm in total thickness, it will be interesting to see if this three-layered VACNTGaN-Si composite structure can withstand high temperature in an oxidative environment.
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6.2.4

Characterization of vertically aligned carbon nanotubes-boron nitride composite
structure

Electrical and thermal conductivity of millimeter-long VACNT-BN infiltrated composites

Figure 6.22 I-V analysis of VACNT-BN vs different probe distances (d). (a) Illustration
of I-V measurement method of VACNT-BN. (b) I-V characteristics of different d
values. (c) Resistance of different d values.
The I-V analysis was also carried out to determine the electrical performance of
VACNT-BN. Figure 6.22a illustrates the measurement method. A VACNT-BN cube
carefully cut in half to expose the VACNT-BN structure inside, and is then secured onto
insulating adhesive horizontally. One probe is fixed at one end of the VACNT-BN, and the
other probe is movable along the sample. The distance between two probes is noted as d.
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Figure 6.22b shows I-V measurements with different d. For each d, the I-V characteristics
demonstrate a linear feature. With d increased, current dropped accordingly, as expected.
The resistance calculated from the I-V characteristics is plotted in Figure 6.22c. As can be
seen, the resistance remains at a similar level within 45 μm of d, while increasing
exponentially after 45 μm of d.

Figure 6.23 Thermal conductivity of VACNT-BN. (a) E2g band and (c) G band peak
positions against temperature. (b) E2g band and (d) G band peak positions against
laser power. (e) Calculated thermal conductivity values.
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Thermal conductivity of VACNT-BN is also analyzed by Raman spectrum. For this
method, the sample size needs to far larger than the laser spot size. Then the thermal
conductivity can be described as:
𝑘 = ∆𝑇̅ ∗

1
2∗𝐷

. ，

(6.1)

Where D is the shape factor. Under this model, D=4r. Where r is the radius of the laser spot.
In our case, the r=0.75 μm, D= 3. This simple method give us good semi-quantitative
results. However, the accuracy of this method is limited because the laser energy is not
uniformly distributed. Besides, the temperature distribution is 3-dimensional as from the
real Raman experiment. Calculated results are shown in Figure 6.23a-6.23d. After
comparing the fitted data, the thermal conductivity was determined: 438.83 W/mK for hBN and 550.31 W/mK for VACNTs, shown in Figure 6.23e.
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The effects of VACNT’s height and deposition time on the growth of high-density VACNTBN infiltrated composites
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Figure 6.24 The effect of VACNT’s height on the growth of high-density VACNT-BN
infiltrated composites. (a- d) Cross-sectional SEM images of VACNT-BN samples with
height of 30 μm, 50 μm, 100 μm and 150 μm, respectively. (a1- a3) Magnified SEM
images of the numbered area in (a), respectively. (b1- b3) Magnified SEM images of
the numbered area in (b), respectively. (c1- c3) Magnified SEM images of the
numbered area in (c), respectively. (d1- d3) Magnified SEM images of the numbered
area in (d), respectively.
In previous sections, thick BN film (~13 μm) was successfully fabricated on SiO2/Si
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substrate. It was discovered that two different structures of BN were obtained during one
growth. The mechanism of the different crystal structural growth was studied by SEM and
TEM, and as a result, we were able to improve the growth parameters to enhance the
VACNT-BN composite structure. However, the infiltration of BN was not investigated in
depth. Hence, we investigated the effect of the height of the VACNT forest and the growth
time on the infiltration of boron nitride. Four sets of samples with heights of 30 μm to 150
μm were prepared for BN deposition for 20 min, and results of four typical samples are
shown in Figure 6.24. As can be seen in Figure 6.24a-6.24d, the cross-sectional SEM
images, the fiber structure of the VACNT can still be identified. However, there are large
amount of foreign materials that are attached to the VACNTs, which are identified as boron
nitride. Overall there is no significant change in appearance of the cross-sectional image of
CNT-BN. The magnified SEM images from top to bottom of the cross-section are shown.
As can be seen, despite the large difference in height of the VACNT, the infiltration of BN
into the VACNT forest are not affected. However, the VACNT fibers do become much
larger than the original size, presenting a composite fiber structure. At this stage, as a
result of relatively short growth period, no large BN can be found from the cross-sectional
view, indicating that during the current phase, BN is still depositing onto the sidewall of
VACNT, and minimum redundant BN can be found in the space between tubes.
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Figure 6.25 The effect of the deposition time of boron nitride on the growth of highdensity VACNT-BN infiltrated composites. (a) Cross-sectional SEM image of VACNT
after 20 min of BN deposition. (b- d) Magnified SEM images of colored squared area
in (a). (e) Cross-sectional SEM image of VACNT after 80 min of BN deposition. (f- h)
Magnified SEM images of colored circled area in (e).
To further investigate the infiltration of BN into VACNT forest, we then extended the
growth time of the BN from 20 min to 80 min in total, and the result is shown in Figure
6.25. Figure 6.25a and 6.25e show the cross-sectional SEM images of a 30 μm VACNT
sample after 20 min and 80 min of BN growth, respectively. As can be seen, the appearance
of the sample after 80 min growth differs greatly than the sample that is deposited BN for
20 min. A significant amount of large BN particles can be seen near the top section of the
sample. High magnification SEM images shown in 6.25b-h further confirm this:
Comparing the top section (red) of both samples, each fiber structure of the CNT after 20
min growth can be distinguished easily, as shown in Figure 6.25b. While for the sample
that is after 80 min growth, adjacent CNT-BN fibers are covered with redundant BN and
the inter-tube spaces are also filled with BN. Similar situation can be found in the middle
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(orange) and bottom (pink) section of the sample. These results confirm the existence of
two different phases of the infiltration of BN into CNT forest. The first one is to form a
cover layer of BN on the sidewall of the CNTs. At this time, all CNT and BN co-exist as
composite fibers and no redundant BN can be found individually. During the second phase,
the redundancy of BN starts to show outside the fibers and in the inter-tube spaces. This
phase will continue until the redundant BN completely cover the outer surface of CNT, and
then BN will deposit onto the outer surface.
Characterization of VACNT-BN grown on SiO2/Si substrate (EDS, TEM, EELS, HAADF).

Figure 6.26 EDS mapping of (a) VACNT with 20 min of BN deposition and (b)
VACNT with 80 min of BN deposition.
The chemical composition of the CNT-BN composite is yet to be determined from past
sections. Energy-dispersive X-ray spectrum (EDS) of the prepared CNT-BN sample from
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both SEM and TEM are obtained and analyzed. The EDS results obtained from SEM of
both CNT-BN (20 min) and CNT (80 min) are shown in Figure 6.26. The EDS mappings
were measured from the cross-section of the sample. The maps of SEM/mapping overlay,
boron map, carbon map, and nitrogen map are shown from left to right, respectively. As
can be seen in both Figure 6.26a and 6.26b, all three elements are distributed evenly
throughout the sample. However, the atomic percentage of the elements are significantly
different. For the 20 min sample, B/N are a total of 85%, while for the 80 min sample, B/N
are a total of 96%, which is significantly higher. For boron carbon ratio, the 20 min
demonstrates a B/N ratio of 1/2.7. For the 80 min sample, the B/N ratio is slightly lower,
at 1/3. However, one thing that needs to be considered is that the EDS measurement in
SEM only measures the surface elemental constructions. As discussed in Figure 6.26, BN
heavily covered the CNTs in the 80 min sample, which explains the extremely low content
of carbon in the EDS mapping. To give a better, undisrupted evaluation of the elemental
structure of the CNT-BN, EDS mapping results obtained by scanning TEM are performed
and are shown in Figure 6.27.
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Figure 6.27 Scanning TEM EDS mapping of CNT-BN. (a) Low- and (e) highmagnification high-angle annular dark-field imaging of CNT-BN. (b- d) Lowmagnification EDS mapping of carbon, boron, and nitrogen, respectively. (f- h)
High-magnification EDS mapping of carbon, boron, and nitrogen on single CNT-BN,
respectively.
A CNT-BN sample was thinned via focused ion beam to ~50 nm and transferred onto
copper TEM grid for TEM characterization. Figure 6.27 shows the EDS mapping results
in scanning TEM. Figure 6.27a demonstrates the High-angle annular dark-field (HAADF)
image of CNT-BN TEM. CNT-BN fiber can be distinguished very clearly, and no large BN
particles can be seen in the composite. Figure 6.27b-6.27d show the carbon, boron, and
nitrogen mapping for the area in Figure 4a. Strong signal for all three elements are obtained
with good contrast and the distribution for both boron and nitrogen are consistent with
carbon, with no overlapping in the inter-tube space, indicating that the BN is only on the
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sidewall of the CNTs. To further prove this conclusion, high-resolution HAADF image of
single CNT was taken and is shown in Figure 6.27e. As can be seen, a single CNT is
suspended between surrounding structures. In HAADF images, BN presents very high
intensity which results in the white color in the image. As can be seen, for this particular
CNT, large BN nucleation sites exist (white spots). The EDS mapping results of this single
CNT-BN are shown in Figure 6.27f-6.27h. Although cannot be seen clearly in HAADF, the
EDS maps prove the boron and nitrogen elements exist all over the tube.

Figure 6.28 HRTEM of single VACNT after BN deposition of 3 hours. (a-c) Low to
High magnification TEM images of single VACNT-BN fiber, respectively.
HRTEM images are then taken to further investigate the BN coverage and nucleation
on the sidewall of CNTs. Figure 6.28 shows a typical MWCNT in the sample covered by
some BN particles. Figure 6.28c shows the high magnification TEM image of the center
area of this tube. As can be seen, multiple dark spots are attached to the CNT. These spots
are believed to be BN nucleation sites on the sidewall of CNT. In addition, some extra
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structure attached to the CNT all that are similar to h-BN can be seen. Although at this
stage it is very hard to distinguish the CNT sidewall from h-BN since they have very similar
“graphene-like” structure.
During the preparation of the TEM sample, outside layers of CNT-BN are etched away
by FIB, resulting in the exposure of the very inside layers of CNT-BN. Although the
previous results indicated the CNT-BN sample are very uniform inside-out from SEM, it
is still possible that the outer layers are slightly more heavily coated at the TEM observation
level.
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Figure 6.29 Scanning TEM EELS mapping of CNT-BN. (a) HAADF image of the
mapped area. (b,c) Low loss EELS mapping for boron and carbon, respectively. (d)
Full EELS spectrum of CNT-BN. (e-h) Magnified spectrum of the colored squared
areas.
Although the elemental structure is determined to be carbon, boron, and nitrogen, it is
still unknown whether the CNT and BN have reacted during the bonding phase. The high
reaction temperature (1100 °C) for fabricating CNT-BN may result in the formation of
some intermediate products in the composite. To investigate this matter, Electron energy
loss spectrum (EELS) of the CNT-BN sample were measured and analyzed. The HAADF
image of the mapped area is shown in Figure 6a. Figure 6.29b and 6.29c show the low loss
map of boron and carbon, respectively. The low loss spectrum of boron is processed via
the B-K signature peaks that only exists in boron nitride, indicating an overall bonding
structure of B-N in boron nitride. The full EELS spectrum of the sample is shown in Figure
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6.29d. Detailed spectra are shown in Figure 6.29e-6.29h, with respect to the color of the
squares. Figure 6.29e shows the low loss signature peak of boron nitride. Figure 6.29g
indicates the existence of carbon element. Figure 6.29f and 6.29h represent the signature
features of boron nitride, indicating the existence of B-N bonds. Interestingly, no boron
carbide and no B-C-N features can be identified. These results show that the CNT-BN
composites we fabricated are free of intermediate product and only consist of CNT and BN.
Temperature-dependent electrical conductivities of VACNTs and VACNT-Si infiltrated
composite structures
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Figure 6.30 Experimental setups of temperature dependent electrical conductivity
measurements. (a) Illustration of the instrumental setup. (b) Actual setup.
The excellent antioxidation ability of CNT-Si was confirmed, attempts to study the
electrical characteristics of VACNT-Si composite structures was carried out in order to
have a better understanding of this structure. Hence an I-V measuring system was built
accordingly, shown in figure 6.30. As can be seen in figure 2a, the system consists of a
semiconductor parameter analyzer, a temperature controlling stage (Linkam) and a probe
station. A liquid nitrogen tank is also prepared for temperature controlling and providing
nitrogen environment. Before the test begins, CNT-Si sample was loaded into the chamber
and was placed at the center of the heating stage. A purging process was then performed to
ensure all the air was purged out. Two probe electrodes were attached to the surface of the
sample with leads going outside of the chamber. The probe station is then connected to the
leads for I-V measurement. Figure 1b shows the actual setup of the system. I-V
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measurement of a CNT sample (cu substrate) and a CNT-Si sample were performed from
273 K~ 823 K. Results are shown in figure 6.31.

Figure 6.31 I-V characteristics of VACNTs and CNT-Si. Room temperature I-V curve
of (a) VACNTs (b) CNT-Si. Resistance at different temperatures of (c) VACNTs (d)
CNT-Si.
Figure 6.31a and 6.31b present the I-V characteristics of VACNTs and CNT-Si sample
at room temperature. As can be seen, VACNTs illustrates good linear I-V characteristic.
From the slope of the linear fitting, the resistance reads as 72 Ω. Similarly, CNT-Si sample
shows a linear I-V characteristic but has a much higher resistance of around 13.8 KΩ from
the linear fitting, which is 200 times higher than VACNTs. Considering the structure of the
CNT-Si sample has no bare CNTs exposed, this kind of electrical performance is expected
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at room temperature since Si coating has much higher resistivity than VACNTs. However,
the resistance characteristics of these two samples present interesting changes when the
temperature rises. These two samples were placed in the temperature controlled chamber
for the temperature dependent I-V measurement. Firstly the chamber was filled with
flowing nitrogen at atmospheric pressure. After the air in the chamber was all purged out,
the heating stage started to ramp up the temperature, at a rate of 25 K/min, starting at 273
K. I-V sweep was performed at temperature points with a increment of 25 K. Once the
sample reached the set temperature, the heating was hold and temperature was maintained
until the I-V sweep was successfully performed. After the sample reached 823 K, it started
to cool at a rate of 25 K/min and data were collected again at each data point again.
As shown in figure 6.31c and 6.31d, the resistance of both samples decreased as the
temperature rose from 273K to 823K, however, for VACNT sample, the change of the
resistance is only by a few ohms, from 23.5 Ω to 17.2 Ω. On the contrary, the resistance of
CNT-Si sample was reduced significantly from ~10 KΩ to ~1 KΩ. Note that figure 6.31d
presents the result with logarithmic y-axis. Unlike VACNTs, whose resistance decreases
along with the rise of the temperature linearly, the resistance of CNT-Si shows
exponentially decay as the temperature rises, indicating the effect of temperature related
scattering. This result gives a good prospect of the resistance of CNT-Si over 1000 K.
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6.2.5

Evaluation of the stability enhancement of carbon nanotubes

Figure 6.32 Oxidation resistance testing of the patterned VACNT–GaN-Si composite
structures. SEM images of VACNT-GaN-Si composite structures (a) before oxidation,
and (b-g) after oxidation in air for 2 min at different temperatures: (b) 600, (c) 700,
(d) 800, (e) 900, (f) 1000, (g) 1100 °C. (h) Raman spectra for VACNT-GaN-Si composite
structures after oxidation processing at different temperatures.
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The oxidation resistance tests for VACNT-GaN-Si composites were carried out in a
muffle furnace from 600 to 1100 °C in 100 °C increments. After oxidation treatment at
each temperature, some cube structures were carefully removed from the substrate and then
transferred onto a new substrate upside down (Figure 6.32). Because different cubes
fabricated had a little bit of difference in quality, some of them were damaged during the
transfer process. As can be seen in Figures 6.32b-g, VACNTs inside always maintained
their original shapes and densities after being successively oxidized from 600 to 1100 °C,
indicating that the VACNT-GaN-Si composites were very stable and there was no trace of
oxidation. Raman spectra for VACNT-GaN-Si composite structures (Figure 6.32h) showed
no decrease in G-peak intensity and no peak position shift after oxidation processing at
different temperatures, further proving their existence and no oxidation of VACNTs after
oxidation at an extremely high temperature of 1100 °C. Thus, we can conclude that
VACNT-GaN-Si composite structures have a good high-temperature, antioxidation
capability in a limited time.

Figure 6.33 SEM images of the VACNT-GaN-Si composite structures heat-treated at
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1000 °C for different oxidation times:

(a) 2 min, and (b) 5 min.

To further demonstrate the oxidation resistance of the VACNT-GaN-Si composite
structures, we fabricated a new VACNT-GaN-Si composite structure and tested its timedependent oxidation resistance at 1000 °C. The CNTs remaining after oxidation tests were
marked by orange dashed lines (Figure 6.33). After be oxidized at 1000 °C for 2 min, there
was little loss of CNTs inside the GaN-Si layer (Figure 6.33a). While after being oxidized
at 1000 °C for a total time of 5 min, significant loss of CNTs inside the protective layer
was observed (Figure 6.33b). The statistical results (not shown here) indicate that loss of
CNTs happened with some VACNT-GaN-Si samples (Figure 6.33), while some other
samples were not affected at all. It is considered that the difference in quality across the
wafer is directly related to the end results. It should be noted that, during the GaN coating
process, the laser beam generated a nonuniform temperature field on the substrate that
could be modulated by the Gaussian distribution, which led to the growth of GaN coating
with nonuniform thickness and different crystallization on the same substrate.

Figure 6.34 Oxidation resistance testing of bigger VACNT-GaN-Si composite cube
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structures. Optical images of bigger VACNT–GaN-Si composite cube structures (a)
before oxidation, and (b-g) after oxidation in air at different temperatures: (b) 600,
(c) 700, (d) 800, (e) 900, (f) 1000, and (g) 1100 °C.
The oxidation resistance of larger-sized VACNT-GaN-Si composite structures was also
investigated. Here, the patterned CNT-GaN-Si composite cube structures of 1 × 1 × 0.5
mm3 were fabricated for oxidation resistance testing. Before high-temperature oxidation
tests, the cube sample was annealed at 800 °C in Ar for 30 min, in order to enhance the
crystal quality. Then the sample was heat treated at 600, 700, 800, 900, 1000, and 1100 °C,
successively, for 2 min at each temperature (Figure 6.34). It can be seen that the cube
sample was not visibly changed after being oxidized at each temperature, as the cubes
retained their original shapes. However, these cubes were hollow inside after oxidation at
1000 °C, indicating that VACNTs inside the GaN-Si layer were all oxidized. This larger
composite structure must suffer from a problem similar to one encountered previously.
While the small-sized VACNT-GaN-Si composite structures with good oxidation
resistance can be fabricated nicely, further improvement of the GaN growth is required and
will be conducted for manufacturing bigger CNT-GaN-Si composite structures with highperformance antioxidation capability.
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High-temperature oxidation stability and thermal conductivity of VACNT-BN composite
structures
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Figure 6.35 High-temperature oxidation stability of VACNT-BN composites grown at
1100 °C for 180 min. SEM images of the VACNT-BN composites (a) before oxidation
and (b) after oxidation at 1100 °C for a long treatment time of 40 min. (c-f) Highmagnification SEM images of the dashed squares in (b) from top to bottom.
In this section, we report our testing of the antioxidative ability of 1100 °C grown
VACNT-BN composites by oxidizing the sample at 1100 °C with a long treatment time of
40 min in air (Figure 6.35). Figures 6.35a and 6.35b compare the change in thickness for
the sample (a) before and (b) after the high-temperature oxidation treatment. It can be seen
that the thickness of the sample decreased by ~ 7 μm in total after 40 min oxidation at
1100 °C. Note that the decrease in thickness only happened in the upper section of the thick
BN film. In contrast, the lower VACNT-BN area was not affected at all. An enlarged SEM
image in Figure 6.35c shows the layered BN film near the top surface, suggesting that the
oxidation started from the top surface of the BN. SEM images in Figures 6.35d-6.35f show
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no visual evidence of oxidation in the VACNT area, indicating good protection provided
by the infiltrated thick BN. The decrease in the high-temperature, oxidation inducedthickness in the upper BN film was well expected could be improved by further increasing
the thickness of the upper BN.

Figure 6.36 Thermal conductivity measurement of VACNT-BN composites via Raman
spectroscopy. (a) Calculated thermal conductivity of VACNT-BN composites. (b) A
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typical Raman spectrum of VACNT-BN composite. (c, e) The Raman shift for the (c)
E2g band of BN and (e) G band of CNT as a function of temperature in the calibration
experiment. (d, f) The Raman shift for the (d) E2g band of BN and (f) G band of CNT
as a function of laser power during the Raman experiment.
Thermal conductivity of the VACNT-BN composites was measured via Raman
spectroscopy.

Using this method, the sample size should be far larger than the laser spot

size. The thermal conductivity can be estimated using the equation:
𝑘=

1
∆𝑇̅

∗

1
2∗𝐷

,

(6.1)

where D is the shape factor and ∆𝑇̅ is the parameter given as
𝜒
∆𝑇̅ = 𝑃 ,
𝜒𝑇

(6.2)

where 𝜒𝑃 and 𝜒𝑇 represent the fitted power coefficient and fitted temperature coefficient,
respectively. We can tell how much temperature will rise when 1 mW laser is used (before
entering the material) from ∆𝑇̅. Under this model, 𝐷 = 4𝑟, where r is the radius of the
laser spot. In our case, 𝑟 = 0.75 μm, thereby 𝐷 = 3. The fitted 𝜒𝑃 and 𝜒𝑇 values for
the E2g band of h-BN and the G band of CNT are shown in Figures 6.36c-6.36f and
summarized in Figure 6.36a. By combining Eq. (6.1) and (6.2), the thermal conductivity
of VACNT-BN composites was determined to be ~ 2.59 W/mK using the E2g band and ~
2.99 W/mK using the G band (Figure 6.36a).
Though this simple method could give us good semi-quantitative results, the accuracy
of this method is limited because the laser energy is not uniformly distributed. In addition,
the temperature distribution is three-dimensional, as from the real Raman experiment.
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High-temperature oxidation stabilities of patterned VACNT-BN infiltrated composites.
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Figure 6.37 SEM images of VACNT-BN after oxidation. VACNT-BN cubes after
oxidation at (a) 1100, (b) 1200, (c) 1300 and (d) 1400 °C for 5 min. Insets show optical
images of each sample. (a1-d1) Magnified top surfaces of the cubes. (a2-d2) Magnified
sidewalls of the cubes. (a3-d3) Magnified bottom corners of the cubes.
Since the VACNT arrays are well infiltrated with BN, we investigate the improvements
in its oxidation stability. VACNT-BN samples were oxidized from 1100 °C to 1400 °C, for
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5 min at each temperature, with oxygen partial pressure of 100 mTorr. As can be seen from
the low magnification SEM images in Figure 6.37a-6.37d, there is noticeable height
reduction of the VACNT-BN cube after being oxidized at 1400 °C for 5 min, however no
significant changes for samples oxidized at lower temperatures. High magnification SEM
images shown from a1-d1, are the top surface area of the VACNT-BN cube after each
oxidation. As can be seen, there is surface morphology change starting from 1300 °C of
oxidation. The smooth BN surface became rough and large particles can be seen on the
surface. Similar situation applied to the sidewall (a2-d2) and the bottom corner (a3-d3) of
the samples. BN are prone to oxidize into B2O3 under this condition. The surface change
could be the transformation from BN to B2O3, forming an oxidation layer on the surface.
However, B2O3 have a Raman feature at ~1300 cm-1 which is very hard to observe as strong
BN signal is present at ~1340 cm-1 in this case. Further investigation is ongoing to explain
this change.

Figure 6.38 Raman spectra of VACNT-BN. (a) Raman spectra of VACNT-BN and (b)
E2g peak position and FWHM before and after oxidation at different temperatures.
Raman spectra of the BN sample before and after oxidation were also collected, as
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shown in Figure 6.38. As can be seen in Figure 6.38a, the strongest feature is E2g-band
associated with h-BN, and G- and 2D-bands associated with CNT are also very evident.
Comparing the spectra before and after oxidation, there is no noticeable change in major
peaks as the oxidation temperature increases. This indicates the structure is still chemical
stable despite the changes in surface morphology. Meanwhile, the peak position and
FWHM of E2g band (Figure 6.38b) present a stable pattern, further indicating rather good
oxidation stability of VACNT-BN.

Figure 6.39 Oxidation of VACNT-BN for extended period. (a) Optical image, (b)
Raman spectrum and (c) SEM image of VACNT-BN sample after oxidation at 1400 °C
for 30 min. (d, e) Magnified SEM images of the designated areas shown in (c).
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The VACNT-BN is considered as stable at 1400 °C after 5 min, we further investigated
its oxidation stability for extended period at 1400 °C. The sample was oxidized under
oxygen partial pressure of 100 mTorr for 30 min. Figure 10a shows an optical image of the
sample after oxidation for 30 min. Raman spectrum of the sample is shown in Figure 6.39b.
D- and G-band of CNT and E2g band of BN are evident. SEM images of a VACNT-BN
cube on this sample is shown in Figure 6.39c. As can be seen, the height was shortened
from ~1 mm to ~500 μm, and the morphology of the top surface has changed. Figure 6.39d
and 6.39e show magnified images of the top surface and the side wall. As shown in Figure
6.39d, the top surface has developed some vacancies. However, when further magnified,
the “vacancies” are still solid. Since the thermal expansion coefficient for BN is negative,
while for VACNT, it is positive, when heating rapidly to 1400 °C, VACNT tends to expand
with the heating, BN retracts, causing huge mismatch and thermal strain inside the structure,
leading to micro cracks and some of the materials are detached from the surface, leaving
vacancies behind.
Fabrication of CNT-Si composite structures and their oxidation resistance property
Silicon is considered to be an alternate to GaN due to its high tolerance to oxidation
and relatively good conductivity. Thus, VACNT-Si composite structures were fabricated in
a fashion similar to VACNT-GaN composite structures (Figure 6.40a). After the VACNT
cubes were prepared, the sample was placed on a resistive heater inside a high vacuum
chamber. After the heater reached 600 °C, disilane, as the silicon source, was introduced
into the chamber continuously for 30 min; and the pressure of the chamber was maintained
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at 500 mTorr during the silicon growth. After the VACNT-Si growth was completed, the
sample was placed into a tube furnace and annealed at 800 °C for 30 min to improve the
crystallinity of the Si coating. Figures 6.40b-d show the scanning electron microscope
(SEM) images of one typical CNT-Si composite cubic structure, where no bare CNTs can
be seen. The surfaces of the VACNTs were fully covered by silicon particles with an
average size of several hundred nanometers. To further study the CNTs inside the Si coating,
the sample was separated from the substrate and then transferred onto a new substrate
upside down in order to see the CNTs inside.

Figure 6.40 Growth of Si films on patterned VACNT sample to form patterned
VACNT-Si composite structures. (a) Illustration of the fabrication process of
patterned VACNT-Si composite structures. (b-d) SEM images of one typical VACNTSi composite pillar: (b) top view, (c) side view, (d) bottom edge view. (f-h) SEM images
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of the bottom region for one CNT-Si composite pillar with different magnifications.

Figure 6.41 The as-grown large-area of VACNT-Si composite structures. (a) Optical
image. (b) Low magnification cross-sectional SEM image. (c,d) Magnified crosssectional SEM images of (c) top orange square area and (d) bottom yellow square area
in (b), respectively.
As can be seen in Figures 6.40e-g, the CNT bundles and single CNTs are all covered
by silicon, even if they are deep inside the cube, which indicates that the dense growth of
silicon matrices wrapping VACNTs was achieved. This result is different from the GaN
coating on VACNTs because the growth of silicon is much slower than the growth of GaN
via laser heating. In VACNT-Si composite structures, silicon successfully penetrated from
the outside wall into the center of the VACNT cube. Hence, successful growth of silicon
from outside and inside the VACNTs could improve the uniformity of the VACNT-Si
composite structures.
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Further investigation of VACNT-Si composite structures was conducted on large-area
VACNT films, as shown in Figure 6.41. A large-area VACNT film with a thickness of ~
300 μm was fabricated and then coated with Si for 30 min under the same conditions as
stated above. Figure 6.41a shows an optical image of a large area of the silicon-coated
VACNT film. The cross-sectional SEM image for the same sample is shown in Figure
6.41b. As can be seen from the magnified orange square area in Figure 6.41b (Figures
6.41c), no clear layer of coating can be identified, while a significant amount of silicon
particles can be seen on top of the VACNT film, which also infiltrated through very quickly
downwards. At the bottom of the VACNT-Si film (Figure 6.42d), the VACNT structures
are still in their shapes; and only small silicon particles can be seen.
Another series of oxidation experiment was carried out to determine the oxidation
resistance of VACNT-Si composite structures. The same muffle furnace was used for
controlling temperature, and the samples were treated from 800 to 1100 °C in increments
of 100 °C in air for 5 min at each temperature. The silicon coating adhered extremely tight
to the substrate, like a binding agent, so the cubes were partially damaged during the
removal process. Figures 6.42a,b show the upside-down views of one VACNT-Si
composite cube after oxidation at 800 °C, where the shape of the CNTs can still be seen;
and there is no visible loss of CNTs. Even after being oxidized at higher temperatures, from
900 to 1100 °C (Figures 6.42c-h), VACNT-Si composite structures were still very stable;
and there was no trace of oxidation.
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Figure 6.42 Oxidation resistance testing of patterned VACNT–Si composite structures.
SEM image of CNT-Si composite structures after oxidation in air for 10 min at each
temperature: (a,b) 800, (c,d) 900, (e,f) 1000, and (g,h) 1100 °C, where no obvious
change in the composite structure is observed.
Although this composite structure was stable at high temperature in air, it's quality and
electrical properties remain to be determined. To further study this matter, Raman spectra
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and I-V sweep measurements for a VACNT-Si sample were carried out (Figure 6.43).
Figure 6.43a shows the Raman spectra of the VACNT-Si composite structures at three
different stages:

as-deposited (black), after annealing in argon (Ar) (red), and after

oxidation in air. Silicon peak positions were observed to blue shift from 501 to 510 cm-1
(Figure 6.43b), indicating that the crystallization of the Si coating significantly improved
after high-temperature annealing. However, the silicon peak position did not change too
much after further oxidation (Figure 6.43b). Figure 6.43c shows the I-V sweep result of the
VACNT-Si composite structures. Two electrodes were connected to the sample tested: one
was attached to the top side of the composite, and the other one was attached to the bottom
side of the composite. The conductance measured after oxidation at 600 °C was ~ 4 uS.
After being treated at 700 °C and 800 °C, the conductance of the sample dropped linearly.
After further oxidation at temperatures higher than 900 °C, the VACNT-Si composite
structure was not conductive at all. Although there was no visible oxidation for VACNT-Si
composite structures at extremely high temperatures, as evidenced by SEM
characterization (Figure 6.42), the surface of this composite was covered with a newly
generated SiO2 layer, which served as a protective layer to prevent further oxidation and
isolated the conductive materials and the electrodes.
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Figure 6.43 (a) Raman spectra of the VACNT-Si composite structures at three
different stages: as-deposited (black), after annealing in Ar (red), and after
oxidation at 900 °C in air. (b) The influences of annealing and oxidation on silicon
Raman shift in VACNT-Si composite structure. (c) The effect of oxidation
temperature on electrical conduction of VACNT-Si composite structure.
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Time-dependent oxidation resistance of VACNT-GaN-Si composite structures

Figure 6.44 Oxidation of VACNT-GaN-Si for extended period. (a-f) SEM images of
oxidized sample at 1100 °C from 2 min to 30 min.
In previous sections, the oxidation resistance tests for VACNT-GaN-Si composites
were carried out in a muffle furnace from 600 to 1100 °C in 100 °C increment for a limited
time (up to 5 min). To further examine the antioxidation ability of VACNT-GaN-Si, a series
of oxidation test for VACNT-GaN-Si structure for extended time was carried out. After
oxidation treatment at each time point, some cubic structures were carefully removed from
the substrate and then transferred onto a new substrate upside down (Figure 1). Because
different cubes fabricated had a little bit of difference in quality, some of them were
damaged during the transfer process. As can be seen in Figures 6.44a-f, due to the cracks
on the inner GaN layers, Si infiltrated into the VACNT arrays during the deposition. This
produced a VACNT-Si-GaN-Si complex structure. As can be seen, VACNTs inside
maintained their original fiber shapes but the gap between tubes are filled with silicon. No
change of morphology indicating that the VACNT-GaN-Si composites were very stable
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and there is no visual trace of oxidation.
Thermal stability of VACNT-Si infiltrated composite structures (up to 1693 K)
Oxidation of CNT-Si up to 1373 K was demonstrated. CNT-Si showed a great
antioxidation ability up to this temperature point. RS result was provided as a prove that
the silicon coating was unchanged. However, further evidence of the existence of CNTs
inside the Si coating is still lacking. In order to examine the existence of CNTs inside the
Si coating, the CNT-Si sample which was oxidized at 1373 K for 10 min in air was used
for this experiment. 1% NaOH solution (sigma aldrich) was prepared as etchant. A 1 uL
pipet was used for applying the solution to the sample surface. The etch rate of Si was
controlled to be as low as possible, to ensure only a very thin layer of Si coating outside
the CNTs are etched away. For this purpose, the sample was maintained at room
temperature and the whole process was under microscope for immediate observation. The
sample was rinsed in DI water immediately after CNTs emerged and SEM images and RS
results were taken shown in figure 6.45.
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Figure 6.45 Wet etching of CNT-Si. SEM images of CNT-Si sample before etching (a)
top surface (b) magnified image of squared area. (e) RS of designated area in (a). SEM
images of CNT-Si sample after etching (c) top surface (d) magnified image of squared
area. (f) RS of designated area in (c).
Figures 6.45a-b show the scanning electron microscope (SEM) images of one typical
CNT-Si composite cubic structure, where no bare CNTs can be seen. However, there is no
layered Silicon structure on the top surface, indicating an infiltrated CNT-Si structure.
Figure 6.45b shows magnified image of the yellow squared area. Not only the tip of the
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CNTs are covered with silicon coating, but there are also some silicon is filled into the
spacing between the tubes, creating a much denser structure than VACNT arrays. RS result
in figure 6.45e shows a strong silicon peak at ~520 cm-1 and shows no carbon signal as
shown in the magnified from 1200~1700 cm-1 which indicates that no bare CNTs are
exposed at the surface. However, after the etching process, CNTs are exposed and can be
seen at the surface, as shown in figure 6.45c. Figure 6.45d gives a detailed look of emerged
CNT-Si nanotube structures. The diameter of these tubes is ~200 nm. As shown in figure
6.45f, weak carbon signal appeared while the silicon signal remains strong, proves the
existence of CNTs inside the Si coating. The results indicate that this brief etching process
etched away from the silicon between the space of CNTs, but not the silicon coating on the
wall of CNTs.
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Figure 6.46 Thermal stability study of CNT-Si. (a) Images of CNT-Si samples
annealed in vacuum from 600 °C to 1400 °C. (b)RS of sample annealed at different
temperatures. (c,d) SEM image of the surface of CNT-Si after annealing at 1400 °C.
Silicon is considered to be an alternate to GaN due to its high tolerance to oxidation
and relatively good conductivity and its excellent antioxidation ability (up to 1100 °C) has
been proven. To explore the thermal stability of this structure at higher temperature
(>1100 °C). Thus, VACNT-Si composite structures were fabricated for thermal stability
study. Same fabrication process for CNT-Si was used. After the VACNT-Si growth was
completed, the sample was placed into a tube furnace and annealed at 800 °C for 30 min
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to improve the crystallinity of the Si coating. The sample was then heated in vacuum from
600°C to 1400°C for 30 min at each temperature to investigate its thermal stability. As can
be seen in figure 6.46a, CNT-Si has a color change at 1200 °C indicating change of surface
morphology. At 1400 °C, which is closed to the melting point of silicon, silicon coating on
the CNTs and the silicon substrate melted and could not hold its shape. As can be seen in
figure 6.46b, RS result also showed that at the point of change, i.e. 1200 °C, silicon signal
vanished. Furthermore, a clear SiC peak at ~790 cm-1 indicates the existence of silicon
carbide on the surface of the sample. As shown in figure 6.46c, CNT-Si nanorods can be
seen with hexagonal shape at the tip. This may be the evidence of the re-crystallization of
silicon during the phase change at temperature around melting point. Figure 5d gives a
detailed look at the tips of the nanorods.
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Figure 6.47 Ultrahigh temperature processing of CNT-Si via acetylene torch. (a)
illustration of the torch set up. (b) Sample under heating by acetylene torch. (c,d)
SEM image and (e) RS of CNT-Si cube from high-temperature area. (f,g) SEM image
and (h) CNT-Si cube from low-temperature area.
To investigate the antioxidation ability at higher temperature at over 1100 °C, the
oxidation resistance tests for VACNT-Si composites were carried out in a muffle furnace
from 600 to 1100 °C and has been tested for continuously being oxidized at 1100°C for up
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to 30 min. To improve the quality of Si coating for oxidation resistance tests, the patterned
VACNTs with sharp edges were designed and obtained via photolithography in various
sizes. After the patterned CNT-Si sample was prepared, it was placed under an acetylene
torch for ultrahigh temperature oxidation. The inner flame temperature of the torch is
within the range of 3000 °C~3500 °C. Sample was placed 1 cm away from the inner flame
to avoid melting of silicon but was still covered by outer flame, as shown in figure 6.47b.
This sample placement also created a temperature gradient across the sample for
comparison.
After the oxidation treatment, scanning electron microscope images were taken to
check the surface morphology of the samples. As can be seen in figure 6.47c, a CNT-Si
cube from high-temperature area is presented. The significant shape change indicates that
silicon was melted under the flame. The height of the cube was also shorter, which suggests
that part of the CNTs was oxidized. Figure 6e shows the RS of this area: there is no visible
silicon peak at ~520cm-1 anymore, however, a strong silicon carbide peak at 792 cm-1 and
a noticeable broad band between 950 and 1000 cm-1 indicates the existence of SiC and
SiO2. Also, during the melting of silicon, CNTs are exposed which explains the strong
carbon signal. On the contrary, at lower temperature area, shown in figure 6f, the CNT-Si
cube maintained its shape and RS result in figure 6.47h also suggests there was no
significant change to the structure.
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Fabrication of VACNT-GaN and VACNT-Si infiltrated composite structures using laserassisted CVD method
Combining the results from the thermal stability study and ultrahigh temperature
processing, although CNT-Si structure is stable at lower temperature, i.e. 1100 °C, due to
the inevitable phase change of silicon at around 1400 °C, the structure suffers a major
change at this temperature. Although CNT-Si cannot withstand 1400 °C during rapid
heating, whether this structure can be transformed into Si/SiC hybrid structure under a mild
heating process remains unknown.
GaN as an alternative to silicon has a much higher theoretical melting point (2500 °C)
than silicon. However, previous experiments suggest that GaN deposition on CNTs via
Laser assisted CVD method only forms a dense layer on the surface of the CNTs. The
possibility of forming infiltrated CNT-GaN structure via LCVD remains interesting to us.
If CNT-GaN can be fabricated in a similar structure to CNT-Si, then it could be a superior
structure, especially considering GaN’s high melting point and electrical conductivity.
The main advantage of LCVD method for GaN deposition is the ultrahigh growth rate,
which is not beneficial to our goal. The high growth rate of GaN resulted in rapid formation
of a thick and dense layer of GaN on the surface, preventing further infiltration inside the
CNT arrays. Therefore, in order to obtain infiltrated CNT-GaN structure, a series of
attempts to reduce the growth rate of GaN was carried out. Parameters used are shown in
Table 6.3.

253

Table 6.3 Parameters for reducing GaN growth rate.

Fourteen different sets of different samples were grown under different conditions to
fine tune the infiltration of GaN. Growth parameters are shown in Table 6.3. Under only
one condition a partial infiltrated CNT-GaN structure was obtained, as shown in figure 7.
The growth parameters for this sample is listed as number 11 in Table 6.3. First of all, 1
mm thick VACNT film was prepared for GaN deposition. The sample was suspended
against the sample holder and the CO2 laser irradiates from the back side of the sample for
better heating. By manipulating the NH3 flowrate and TMGa flowrate, chamber pressure
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was lowered from 100 Torr to 8 Torr and was further decreased to 0.3 Torr to reduce the
growth rate. Growth temperature also affects the growth rate greatly. The lowest
temperature for GaN deposition via LCVD is around 500 °C as tested. The best achieved
infiltrated CNT-GaN sample for 25 min growth is shown in figure 6.48.
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Figure 6.48 Infiltrated CNT-GaN structure. (a) Crossectional SEM image of CNTGaN. (b-d) From top surface to inside shown in dotted squares in (a). (e-g) From Side
wall to inside shown in solid squares in (a).
After the GaN deposition, the sample was carefully cut into two pieces from the middle
to observe the infiltration status. As can be seen in Figure 6.48a, the cross-sectional surface
shows two different areas with different colors. The grey area indicates the existence of
GaN inside the CNT arrays. Magnified images along the infiltration direction are shown in
6.48b-g. Figure 6.48b-d present the sample from top surface to further inside. As can be
seen, even with this low growth rate, there is still a 500nm thick layer of GaN on the top
surface. This kind of layer significantly prevents GaN infiltration during the growth, as can
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be seen in figure 6.48d, no trace of GaN can be seen. However, since the laser irradiates
from the bottom (back) of the sample, the temperature is higher at the bottom area, resulted
in a different situation. As can be seen in figure 6.48e-g, large GaN particles can be seen
attached to CNTs, with different density levels as the position is different. Figure 6.48g
shows the outside edge which resulted in greatest amount of GaN deposition on CNTs. The
amount of visible GaN particles decreases as getting further inside. GaN particles on CNTs
also decrease in size as getting further inside of the CNT arrays. Statistic result of GaN
coverage via Matlab are shown in figure 6.49.

Figure 6.49 Statistics result of GaN coverage of best-achieved GaN infiltration via
LCVD. (a) From top surface to inside. (b) From side wall to inside.
Figure 6.49a and 6.49b presents the GaN coverage vertically (top inwards) and
horizontally (Edge inwards), respectively. As can be seen in figure 6.49a, the GaN coverage
is close to 100% at the top surface. However, the coverage drops exponentially as the depth
increases. At around 50 μm of depth, the coverage has dropped to less than 20% and closed
to 0% at around 100 μm of depth. On the other hand, the infiltration from the sidewall is
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slightly different. At around 50 μm of depth, the GaN coverage is still high, same as 100
μm of depth. After 150 μm of depth, the coverage drops very quickly and reaches zero
when closed to 200 μm of depth. This sudden drop of GaN coverage may be the result of
the formation of a layer of GaN on the surface, which blocks gas feedstock from getting
inside the CNT arrays.
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Figure 6.50 Fabrication of CNT-Si infiltrated structure via LCVD. (a,b) Fabricated
CNT-Si sample. (c) Cross-sectional SEM image. (d,e,f) SEM images of areas from top
to bottom shown in dotted squares in (c). (g) statistic result of Si coverage from top
surface to inside.
In order to explore the possibility of fabricating infiltrated CNT-Si structure, CNT-Si
samples were fabricated in a similar fashion as the CNT-GaN samples. Sample shown in
figure 6.50 is fabricated via LCVD. All growth parameters are the same as the CNT-Si
sample we fabricated earlier via thermal CVD, except the growth time was 1 min to
compensate for the extremely high growth rate of LCVD. Figure 6.50c shows the crosssectional SEM image of the LCVD CNT-Si sample. As can be seem, a thick 10 μm layer
of silicon was formed during the deposition, very different from the thermal CVD
fabricated CNT-Si sample. Figure 6.50d-f demonstrate the infiltration level along the
vertical direction of the sample. As can be seen, silicon coating formed as a filler inside the
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gaps between the CNTs. Figure 6.50g presents the statistical Si coverage along vertical
direction from the surface. As can be seen, from the top surface, the Si coverage drops
significantly as the depth increases, and is close to 0% at only around 50 μm of depth.
Comparing to CNT-GaN, the infiltration level of CNT-Si is significant lower using this
method.
High-velocity gas erosion resistance of patterned VACNT-BN infiltrated composite
structures
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Figure 6.51 (a) Actual and (b) illustration of the experimental setup. (c) Average
height of the VACNT-BN cubes vs time. Inset shows optical images after different time.
(d) Raman spectra of VACNT-BN at different time of erosion.
High-velocity gas erosion test was performed as well. Figure 6.51a and 6.51b show
the actual experimental set-up and an illustration of the method. High-velocity gas flame
(2480 sccm) with ultra-high temperature was kept flow through the surface of the VACNTBN sample for 126 min in total. The average height change of the VACNT-BN cubes on
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the substrate was estimated by Zygo optical surface profiler, and the results are shown in
figure 6.51c. The average height does not change significantly after 126 min of erosion,
and the optical images do not show any morphology changes as well, as shown in Figure
6.51c inset. Raman spectra at a different stage of erosion test are shown in Figure 6.51d.
As can be seen, the main features, D- and G-band for VACNT, and E2g band for BN present
no changes, indicating good erosion resistance against oxygen contained high temperature,
high-speed gas flow.

Figure 6.52 SEM images of VACNT-BN cube (a) before and (b) after 126 min of gas
erosion test. Magnified SEM images are shown in (c) and (d) accordingly.
SEM images before and after 126 min of erosion test are shown in Figure 6.52a and
6.52b, respectively. As can be seen, large amount of small round features is formed on the
surface of the sample, while no other changes are observed. Raman signal of B2O3 is around
1300 cm-1, which is very hard to be observed as very strong signal of BN still presents
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around 1340 cm-1, however, the particle-like structure is suspected to be the product of
oxidation of BN. Further investigation will be carried out in order to confirm this.
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6.3 Conclusions
In summary, we have demonstrated a novel approach for the controlled fabrication of
infiltrated and noninfiltrated VACNT/ Si composite structures. Ultralong VACNTs (∼3
mm), as conducting networks and building framework templates, were successfully
prepared, on the basis of which uniformly infiltrated VACNT/Si composite structures were
obtained via thermal CVD. Noninfiltrated VACNT/Si composite structures were produced
via laser-assisted CVD. The as-fabricated infiltrated VACNT/Si composites were proved
to exhibit excellent thermal stability and good electrical conductivity and possess the
ability to withstand various extreme conditions (e.g., high-velocity hot gases), suggesting
their great potential for high-temperature electrode applications. In addition, both thermal
CVD and laser-assisted CVD proposed in this work require minimal complexity and effort
in sample preparation, which is promising for the development of cost-effective,
straightforward approaches to scalable high-temperature electrode material fabrication. In
our further work, more efficient VACNT-based infiltrated ceramic composites (e.g.,
VACNT-BN) and their properties under extreme conditions will be explored.
In addition, a novel approach has been demonstrated for the finely controlled
fabrication of refractory VACNT-BN conductive nanocomposites. Ultralong VACNTs (up
to 3 mm), as super-aligned conducting pathways and building framework templates, were
prepared based on which uniformly infiltrated VACNT-BN composite structures were
successfully obtained via the one-step CVD process. The as-fabricated VACNT-BN
nanocomposites exhibited significant anisotropic electrical conducting performance,
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excellent thermal stability, and the extraordinary ability to withstand various extreme
conditions (e.g., ultrahigh-temperature oxidation and high-velocity hot gas erosion). The
h-BN layers which were uniformly infiltrated 5into the VACNT arrays significantly
reduced the intertube electron percolation, providing excellent stability enhancement at the
same time. These attributes of VACNT-BN nanocomposites demonstrated great potential
to be superior to many CNT-based counterparts for high density interconnect applications.
In addition, the CVD process proposed in this work requires minimal complexity and effort
in sample preparation, which is promising for the development of a cost-effective, turnkey
solution to the fabrication of scalable electrical interconnects. Our future work will explore
the potential applications for VACNT-BN nanocomposites and their properties under
extreme conditions.
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CHAPTER 7 Conclusions
The objective of my research work in this dissertation is to explore the possibility of
combining vertically aligned carbon nanotubes and ceramic materials to create novel CNTceramic composite materials that is stable while highly functional. There are several
challenges exist such as difficult infiltration control and poor stability. To address the
above challenges, we believe that chemical vapor infiltration via thermal chemical vapor
deposition (CVD) will allow simultaneous growth of ceramics from inside to outside of
VACNTs, resulting in the fabrication of highly uniform and dense VACNT/ceramic
composites.
In this dissertation, research efforts are focused on the development of the infiltration
and coating technology of several ceramic materials into dense CNT arrays. The following
research topic are covered: 1) Growth of ultralong VACNTs, 2) fast growth of silicon,
boron nitride thin films, 3) infiltration of silicon, gallium nitride, and boron nitride into
dense CNT arrays and 4) defect-free coating of Al2O3 on graphene and MoS2.
For the growth of vertically aligned CNTs, a highly efficient method of growing
VACNTs are developed. The thermal CVD process was demonstrated as a cost-effective
while easy to control way to achieve high-performance result. In this study, ultralong
vertically aligned CNTs are fabricated using two different CVD methods and these two
methods are compared. The water assisted CVD method uses the water-hydrogen
combination to drive the balance of oxidation-reduction of the growth, removing the
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amorphous carbon covering the iron catalyst, maintaining the reactivity of the catalyst. On
the other hand, using the two-temperature zone CVD method, the higher up stream
temperature creates a super saturation in the gas flow, promoting extremely fast nucleation
of CNTs in the reaction zone. Higher growth rate was achieved using the latter method and
the CNTs are characterized by SEM and Raman spectroscopy. Lastly, the substrates of
VACNTs are removed and the VACNTs are transferred onto copper plates. Electrical
conductivity of VACNTs was then evaluated.
For the growth of boron nitride, two different approaches of growing boron nitride are
studied. For 2D boron nitride, growth, a simple chemical vapor transportation method was
used. With this method, only 2D boron nitride can be grown and substrate is limited to
copper which acts as catalyst as well. The nucleation of hexagonal boron nitride on the
copper crystal was discussed and the grown hexagonal boron nitride was thoroughly
characterized. On the other hand, high rate growth of boron nitride thin film was achieved
via thermal CVD method. A buffer layer with around 2 μm of amorphous boron nitride
was deposited before the hexagonal boron nitride can be grown. High-quality hexagonal
boron nitride was grown at a very fast rate of 4 μm/hr. The growth mechanism and kinetics
were detailed studied by multiple characterization means, including Raman spectroscopy,
SEM, TEM, XRD, etc. The mixed growth pattern was believed to be the result of the
transition from island growth to layer growth.
As a complementary topic to the coating of CNTs, we have demonstrated a controlled
defect creation and removal in graphene and MoS2 monolayers. The defects were created
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by weak Al2O3 plasma treatments and removed by moderate thermal annealing, as
evidenced by room-temperature Raman and PL measurements. By irradiating both
graphene and MoS2 with Al2O3 plasmas under different conditions, these 2D materials with
certain defect levels can be obtained. Interestingly, the subsequent moderate annealing can
reverse the defect creation process, realizing a fully controlled defect engineering. The
restored 2D materials have regained their superior performances in both structure and
electrical conductivity. We proposed a general model for the Al2O3-plasma-treated 2D
monolayers, where sp3-type defects were mainly created at the interfaces between the
Al2O3 and 2D monolayers, and the subsequent moderate annealing could remove such
defects to restore their pristine crystal lattices. Thus, the precision and reversible defect
engineering presented in this work open a new avenue to tailoring their properties for the
development of 2D-materials-based devices with new functionalities.
For the infiltration of ceramics into VACNT arrays, we have demonstrated a novel
approach for the controlled fabrication of infiltrated and noninfiltrated VACNT/ Si
composite structures. Ultralong VACNTs (∼3 mm), as conducting networks and building
framework templates, were successfully prepared, on the basis of which uniformly
infiltrated VACNT/Si composite structures were obtained via thermal CVD. Noninfiltrated
VACNT/Si composite structures were produced via laser-assisted CVD. The as-fabricated
infiltrated VACNT/Si composites were proved to exhibit excellent thermal stability and
good electrical conductivity and possess the ability to withstand various extreme conditions
(e.g., high-velocity hot gases), suggesting their great potential for high-temperature
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electrode applications. In addition, both thermal CVD and laser-assisted CVD proposed in
this work require minimal complexity and effort in sample preparation, which is promising
for the development of cost-effective, straightforward approaches to scalable hightemperature electrode material fabrication. In our further work, more efficient VACNTbased infiltrated ceramic composites (e.g., VACNT-BN) and their properties under
extreme conditions will be explored.
In addition, a novel approach has been demonstrated for the finely controlled
fabrication of refractory VACNT-BN conductive nanocomposites. Ultralong VACNTs (up
to 3 mm), as super-aligned conducting pathways and building framework templates, were
prepared based on which uniformly infiltrated VACNT-BN composite structures were
successfully obtained via the one-step CVD process. The as-fabricated VACNT-BN
nanocomposites exhibited significant anisotropic electrical conducting performance,
excellent thermal stability, and the extraordinary ability to withstand various extreme
conditions (e.g., ultrahigh-temperature oxidation and high-velocity hot gas erosion). The
h-BN layers which were uniformly infiltrated 5into the VACNT arrays significantly
reduced the intertube electron percolation, providing excellent stability enhancement at the
same time. These attributes of VACNT-BN nanocomposites demonstrated great potential
to be superior to many CNT-based counterparts for high density interconnect applications.
In addition, the CVD process proposed in this work requires minimal complexity and effort
in sample preparation, which is promising for the development of a cost-effective, turnkey
solution to fabrication of scalable electrical interconnects. Our future work will explore the
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potential applications for VACNT-BN nanocomposites and their properties under extreme
conditions.
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Appendix A – Equipment
APCVD system for CNT super growth.

(b)
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Chemical vapor transportation system for two-dimensional boron nitride growth.
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Chemical vapor deposition system for boron nitride thin films growth (up to 12 μm
).
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Experimental set-up for temperature dependent electrical conductivity measurement by a
temperature controlled stage and a probe station.
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Experimental set-up for high temperature gas erosion resistance by oxyacetylene torch
(3000 K)
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AJA Orion-5 magnetron sputtering system for multiple thin films deposition and catalyst
preparation.

